o ameaaey

N

B o e e e -

—r

Vomalossities e tice GOP

P R R AR O TR SR AR XU G SRR AN il VEMALR 128

\

SEC. W *v T aSSIFICATION OF Tri$ #AGE

CUMENTATION PAGE

AD-A216 470' h : e RESTRCTVE ARG

5. DECLASSIFICATION/DOWNGAA

—p
(o]

. DISTAIBUTION/AVAILABILITY OF REPORT

Approrved for pubdlie releate
uatx'm;tgn ualizited,.

4 PERSCAMING ORGANIZATION RE ! Nuul(im 9.' Mon'uroamc QORGANIZATION REPORT NUMBERLS)
'- | APOGR.MR. 89-.1 876
6o NAME OF PEREQAMING ONGANIZA-;IUON. ] b. on'éc SYMao0oL Ts. NAME OF MONITORING OAGANIZATION
tif appucedie; .
Stevens Institute of TechqoloEy Air Force Office of Scientific Research
6c. ADODAESS (City. Stete send ZI‘P Codae: ;;?:oouss g:. State and 2IP Cocaer
Repartment of Physics BolTing Air Force Base, DC 20332-6448
9 .
Se. NAME OF FUNDING/SPONSORING 80, O‘Fllcl SYMBOL 9. PROCVREMENT INSTRUMENT IDENTIFICATION NUMBER
RGANIZATION ur hicad . .
CARUSR ] N AFOSR - 86 - 0299
Se. €8S (City, Stats end ZIP Code) ) 10. SOUACE OF FUNDING NOS.
’E&‘)\ \_\\ V] PROGRAM sROJECT TASK WORK UNIT
BoTling Air Force Base, DC 20332-6448 frmdn vo. ne "o e
31, TITLE ([nclude Secunty Classification
SURFACE "PRODUCTION OF Jons Z . [} Mo El 2301 | A7
12 PUREON A YL X/
13a TYPE OF AEPORT 13K TiME COVERED 4 14, DATE OF REPQAT (Yr' Mo.. Deys 15 PAGE COUNT
FINAL SCIENTIFIC eaom8-1-86 v0 9-30-89 1989 - 10 - 09 10 + 135
16. SUPPLEMENTARY NOTATION —_/_/ f\
: /////’ _ g ~
§17. COSAT! CODES ( 18. SUBJECT TERMS /Conlinue on reverse if necessary end idennfly by block Aumider:
o GAouP sus. ga. ~—P2lon Emission; ign Sources; Atom, Molecule and™-.
i Tq Ion Impact, (d-l. }e—
19. ARPYRACT (C: on reverse if Y end identify by bioca number;

It has been shown that negative hydrogen ions can be produced with high efficiency
by backscattering low energy (order of 1 eV) hydrogen atoms or ions from low work-
function (less than 1.5 eV)surfaces. This has been demonstrated experimentally by
backscattering the Maxwellian tail of thermally produced hydrogen atoms from a variety‘J
of low work function surfaces. The general nature of the electron transfer process
has been described by a simple theoretical model. Low incident energy guarantees low
energy spread of the negative hydrogen ions. It also makes it possible to consider a
variety of adsorbates for reducing the work function of the converter surface. The
work function of cesfum-oxygen films on silicon can be as low as 0.9 eV but these films
are too delicate for use on converter surfaces. Thick cesium oxide films with a work
function ranging from 1.2 to 1.4 eV have been successfully used on converter surfaces.
Surface production of cesium fons from solid electrolyte sources has been investigated.
Three types of cesium 1on guns were developed and used in the experimer 200 A/

-~ rl

‘ WTIGN/AVAILABILITY h{  ABITRAGY BRAUNITY CLASSIAIGAT!
wweLassif180/mLivite0 B sams as mor. O oric vasns O Unclassified 7
e NAME 08 ASSFONEIALE NOIVIBVAL 15 TALRPRONS NUMBEA I
) " - < Hnglpde Ame Coae,
Ct CoL BML«.SA«’% 203267 908 y L

DD FORM 1473, 83 APR SOITION OF 1 JAN 13 18 OBSOLETE.

% o0t o4 142

PR L SRR

&~

S




b’/(.

M lomy i :
& R | Ancesion For

b rhrw CRA% E?

- Grant APOSR-86-0299 Di Ty 0
Unanna. e Q

SURFACE PRODUCTION OF IONS Justificsie ]

M. Seidl, Principal Investigator By |

Distrib: i f

1 Final Report Covering the Period e ]
} ¢ Aviilarinty Codes
8-1-86 to 9-30-89 . Yt a—
i ! Vg it Or
D'St 3,0 Cral
ﬁ ;
- Al |
Table of Contents
Page
1. Introduction 2
2. Backscattering of hydrogen atoms from
low work function surfaces 3
3. Electronic structure of converter surfaces 5
4. Production of cesium ions 7
5. List of papers published or submitted
in the reporting period ) 8
6. List of professional personnel 10
AT S 1 St L
7. Appendix: 15 papers l"":f" T imited.
1\
pre AT e 6T 80T T TLAEARCH (ARSQ)
e ST s
T - 120-12.
i: vlff i Division
O . BRRISLY
1




1. Introduction

This final report covers a three year project entitled "Surface
Production of Ions." The objectives of this research, as stated in the
proposal, are as follows:

a) Explore surface production of B~ on a variety of substrates,
including metals, semiconductors and layered structures.

b) Measure the surface electronic structure of these substrates and
correlate it with the efficiency of B production.

¢) Acquire a better understanding of the role which surface electronic
structure plays in the ion production process.

During the period under review we have published or submitted for
publication 15 papers. The papers are listed in Section 5. They are also
attached to the first five copies of this report

In the first year of the project we have completed our studies on
cesium ion bombardment of metal surfaces. In a series of papers [1-4,6,7]
ve have presented a fairly comprehensive picture of work function changes
due to cesium ion bombardment.

In the first year of the project we had made a discovery that
fundamentally affected the thrust of our research for the remaining part of
the project. While studying the production of negative hydrogen ions by
simultaneous bombardment of metal targets with cesium and hydrogen {4] we
had observed that a fraction of the H™ ion population had a lov energy
spread of 0.4 eV or less. Further studies had shown that the slow H™ ions
vere due to reflection of slow hydrogen atoms from the low work function
target and that the slov atoms were produced by dissociation of hydrogen gas
on hot tungsten filaments.

In a series of follow-up experiments {8,10,13] we have studied the

production of A~ ions by backscattering the Maxwellian tail of thermally




produced hydrogen atoms from a variety of surfaces. The general nature of
the electron transfer process has been described by a simple theoretical
model [8,13]. It was shown that B~ ions can be produced with reasonable
efficiency (> 10X) by backscattering low energy (order of 1 eV) H atoms from
lov vork function (less than 1.5 eV) surfaces.

Lovw incident energy of the hydrogen atoms (or ions) guarantees low
energy spread of the H ions, a very desirable feature in an ion source. An
additional bonus of low incident energy is the elimination of physical
damage to the surface by atom impact. This has opened up new avenues for
the optimization of the surface electronic structure. We have studied
electronic surface changes due to cesium, oxygen and hydrogen adsorption on
silicon [11] and of cesium and hydrogen adsorption of beryllium [9]. Thick
films of cesium oxide have been successfully used for converter surfaces
[13].

In the course of this work we have developed and built several types of
cesium ion guns providing cesium ions in the energy range from 20 eV to 5
keV [12,14,15]. All these guns are based on a novel solid source of cs*
jons the development of which was originally supported by the State of New
Jersey. '

Ve have upgraded our instrumentation by adding photo-electron
spectroscopy, ion guns, and data processing on our UHV system. The DoD
Instrumentation grant recently received is used for constructing a UHV ion

scattering chamber, acquisition of a Scanning Tunneling Microscope and of a

Lov-Energy Electron Diffraction System.

2. Backscattering of hydrogen atoms

from lov vork function surfaces

Surface production of negative hydrogen ions by backscattering atomic
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hydrogen from low work function surfaces has been studied theoretically and
experimentally [8,10,13].

Theoretical analysis indicates that the dominant limitation in negative
surface ionization at lowv incident energies is trapping of the H™ ions by
the image force. An H ion created by electron transfer near the target
surface can escape from the confine of the image force only if its kinetic
energy is larger than the difference in potential energies of the H™ ion at
infinity and at the point of creation. This difference has the smallest
value W-A (vhere W is the work function of the target and A = 0.75 eV is the
electron affinity of the hydrogen atom) occurring when the B~ is created at
the intersection of the Fermi level with the potential curve of the image
force. Numerical estimates indicate that the negative ionization
probability exceeds 50 percent when the incident kinetic energy exceeds W-A
by about 50X. For example, the calculated ionization probability is between
50% to 70X for W = 1.5 eV and an incident kinetic energy of the atom equal
to 1.1 eV.

Based on the theoretical model we can describe the ideal surface for
ionization of low energy H atoms. The work function should be low, less
than 1.5 eV, so that it is possible to créate ions that are weakly bound to
the surface. The surface electron density (just below the Fermi level)
should be smaller than typical metallic densities, so that the tunnelling
does not occur close to the surface. Finally, the electron wave function
tails should decay slowly to increase tunnelling probability far from the
surface.

In the experiments, the atomic hydrogen was produced by thermal
dissociation of hydrogen gas at a temperature of 25000K (0.21 eV). This
method produces an atomic flux of Maxwellian energy distribution in vhich

about 1X of the atoms has a kinetic energy larger than 1 eV. This atomic
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flux vas backscattered from several lov work function targets: cesiated
molybdenum, cesiated n-type and p-type silicon (100) and thick film of
cesium oxide. The negative hydrogen ions have an energy spread about equal
to the temperature of the atomic hydrogen gas. The measured yield of the
negative hydrogen ions depends exponentially on the inverse temperature of
the atomic gas. The yield reaches about 1X of the total atomic flux,
indicating that all atoms with an incident energy larger than 1 eV have been
converted into negative hydrogen ions. The work function of the target
surface ranged between 1.6 to 1.2 eV.

These experiments have clearly shown that it is indeed possible to
efficiently produce B~ ions by backscattering hydrogen atoms of energy
larger than 1 eV from converter surfaces that have a work function smaller
than 1.5 eV. It should be noticed that both of these requirements are
within practical reach. Bydrogen atoms produced in electron-molecule
collisions originate with 2 eV kinetic energy (Franck-Condon process) and
vork functions lower than 1.5 eV can be obtained in many systems as

discussed in the next section.

3. Electronic Structure of Converter surfaces

In order to provide a high backscattering yield for H ions at low
energies the converter surface must have the following properties: lov work
function, lov image force, high electron tunneling rate near the
intersection of the Fermi level with the image force potential, chemical
stability for atomic hydrogen. These properties are largely determined by
the electronic structure of the converter surface. Ve have studied the
surface electronic structure of several substrate-absorbate combinations
under ultra-high vacuum conditions using electron reflection measurements,

photoelectron spectroscopy and Auger electron spectroscopy.




Vhen the converter is bombarded with cesium ions of higher energy than
50 ev, sputtetihg and implantation become important. This restricts the
converter material to a few refractory metals. Ve have completed our
studies on wvork function of metal surfaces bombarded with cesium ions
[1-4,6,7). Due to the combined effect of implantation and sputtering a
steady state coverage develops that primarily depends on the atomic mass of
the converter atoms and on the bombarding energy. Minimum work function of
1.6 eV is obtained at 45 eV for W and at 100 eV for Mo.

Vhen the bombarding energy is lower than 10 eV, sputtering and
implantation are negligible, and the above mentioned restrictions on the
converter material do not apply. Converter surfaces with lower work
function and optimized electron density can be sought. We have undertaken a
systematic search for such a converter. The large body of knovledge
accumulated over decades of research on photoemitters and thermionic
cathodes has provided a good starting point although, apart from the common
requirements of a low work function, each field has its own specific
problems: photoelectrons must have a high escape probability, thermionic
cathodes must be stable at high temperatures, and hydrogen converters must
survive in a hydrogen atmosphere. *

Ve have studied work function changes due to adsorption of cesium,
oxygen and hydrogen on silicon (100) surfaces [11]}. Adsorption of cesium
alone lowers the work function to 1.45 eV at a cesium coverage of 0.5
monolayers. Overcesiation followed by oxygen adsorption reduces the work
function to 0.9 eV. However, this Cs-0 system is so delicate that its use
for converter surfaces is not practical. On the other hand, we have been
successful in making thick "cesium oxide" films wvith a work function ranging
from 1.2 to 1.4 eV. These films are easy to use as converter surfaces and

are reproducible in day-to-day operation. Exposure to atomic hydrogen (up
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to a flux of 5 x 10 atons/cmzs) does not erode the film and activates the
surface [13]. More work is needed to reduce the work function to 1.1 eV
reported in the literature for well activated thick Cs-0 films. Exposure to
larger fluxes of hydrogen atoms or ions should be investigated. Another

thick film deserving more attention as a converter material is the Ba-0

system.

4. Surface production of cesium ions

In the course of our experiments on cesium ion bombadment of solid
surfaces we have developed and built three types of cesium ion guns [14,15]
providing cs* ions in the energy range from 20 eV to 5 keV. All these guns
are based on a novel solid source of Cs® ions. Cesium ions are chemically
stored in a cylindrical pellet made of cesium mordenite which is a synthetic
zeolite of the formula Cszo-AtO3-10 SiOz- The pellet is operated at a
temperature of 10000C at which temperature the zeolite is a good ionic
conductor. Cesium ions reaching the surface of the pellet are
thermionically emitted into vacuum. About 80 coulombs of cesium is stored
in the pellet of 0.2 cm3 volume, 10% of which is extracted.

An improved version of this source pfovides a porous tungsten thin film
on one circular face of the pellet and a thick platinum coating on the
other. Cesium ions are driven to the porous electrode by an electric field
generated in the solid electrolyte by a biasing voltage. The ions diffuse
through the porous tungsten electrode to its surface wvhere they are emitted
by surface ionization.

Ve have studied theoretically and experimentally cesium ion transport
across the solid electrolyte-porous tungsten interface [12,14]. A
self-consistent theory of the solid electrolyte-metal interface vas

developed. Cs* ion emission current-voltage curves have been measured as
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function of biasing current. Cs* ion emission current density up to 10
mA/c-2 has been extracted for 500 hours at 11000C in steady state operation.
| The emission current can be controlled by the biasing current.

5.
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Work function reduction of a tungsten surface due to cesium ion

bombardment
G. S. Tompa, W. E. Carr, and M. Seidl

Department of Physics and Engineering Physics, Stevens Institute of Technology, Hoboken,

New Jersey 07030

(Received 24 July 1986; accepted for publication 6 October 1986)

The reduction of the work function of a polycrystalline W surface due to Cs* bombardment
has been investigated in the incident energy range below 500 eV. Upon exposure of the surface
to a Cs* beam, the work function decreases until a steady state is reached with a total Cs™
dose of less than 1 10'® ions/cm”. A minimum steady state work function surface is produced
at an incident energy of =40 eV and the steady state work function rapidly increases with
bombarding energy. Coverages are significantly lower than that produced on Mo for the same
bombarding energies. Auger electron spectroscopy is used to confirm surface coverages. The
cesium surface concentration is determined by reflection, sputtering, and implantation.

In past years the producticn of H™ beams has become
important to the fusion program as we! as for military appli-
cations. Surface converters are an important source of H™
ions.' A surface conversion source consists of a metallic con-
verter surface immersed in a cesium-hydrogen plasma and
biased at a few hundred volts negative with respect to the
plasma potential. H atoms are converted to H™ ions at the
surface by electron tunneling from the converter surface to
the H atoms. Cs is used to reduce the work function, increas-
ing the electron transfer probability. There exists an opti-
mum coverage at which the work function is a minimum and
hence the H™ yield is a maximum.?”” The mean free path of
neutral Csin the plasma is small,? hence the surface coverage
is due to Cs* bombardment, not vapor deposition. In work-
ing converters the Cs surface concentration is not well
known®® and doubt has been expressed whether the mini-
mum work function surface can be achieved by cesium ion
bombardment at typical converter energies.®®

Previously we measured the steady state work function
shifts on Mo due to Cs* bombardment and found that a
large coverage could be produced.'® We have repeated these
measurements on W and found that only at low incident
energies (less than =75 eV) are coverages greater than
=~25% produced at steady state. For W, the optimum work
function surface is produced at an incident energy of =40
eV. The experimental system is the same as that used in ex-
amining the Mo sample'® and is described in detail else-
where."!

The work function changes with dose, as is shown in
Fig. 1. The work function stz s with *zero” shift (clean W)
and decreases with increasing dosage until it reaches a steady
state value dependent upon the Cs* energy. The total ion
dose needed to reach steady state coverage is less than
1 10'® jons/cm?, and this takes a few minutes in our sys-
tem. The dependence of the steady state work function on
the Cs bombarding energy is shown in Fig. 2. Here the work
function shift is plotted as a function of bombarding energy;
the dosage is 1 X 10'® ions/cm?. At a bombarding energy of
~40 eV, a distinct minimum in the work function is ob-
served, the shift is 2.9 eV. Taking the clean polycrystalline
W work function to be 4.5 ¢V, '2 the minimum work function

1511 Appl. Phys. Lett. 49 (22), 1 December 1986
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is =~ 1.6 eV. This is in agreement with vapor deposition ex-
periments. '

In order to determine the Cs coverage, the work func-
tion shifts are compared to those obtained by vapor deposi-
tion measurements.'? Additionally, the relative Cs concen-
tration is obtained from the amplitude of an Auger electron
spectroscopy (AES) Cs line. Figure 2 shows the coverage
derived from the work function shifts and the Cs Auger line
intensity as a function of Cs* energy. Since the AES ampli-
tudes are not absolutely calibrated, the AES data were scaled
to the 450 eV value, where the curves vary slowly with ener-
gy

The surface in this experiment is composite, consisting
of a mixture of Cs and W and a few monolayers deep. There
is Cs both on and below the surface. The good agreement of
the AES results with the coverage inferred from surface dep-
osition work function values implies that the surface cover-
age is the dominant factor in determining the work function.
Implanted Cs and surface roughening due to Cs* ion bom-
bardment do not strongly contribute at steady state for the
energy range examined.

Above =150 eV in bombarding energy the work func-
tion shift is fairly constant at =~ — 1.3 eV and the coverage is
below 15%. This is in agreement with predictions made by
van Amersfoort et al.” The steady state coverage at bom-
barding energies less than =40 eV is larger than that giving
an optimum work function surface. This can be seen in the
30eV curvein Fig. 1. The work function decreases to a mini-
mum, beyond which it increases with increasing dose; this
shows that the coverage passes through optimum in reach-
ing steady state. This is also shown clearly by the AES data
in Fig. 2.

A delay of =~20-30 s is encountered between cleaning,
dosing, and measuring due to the time taken to reposition the
sample at each station. A possible source of error in the mea-
surement of the work function is surface diffusion. For W,
Taylor and Langmuir'? give a jump frequency of 1.SE-5s at
300 K and a diffusion coefficient (D) on the order of 10~ "
cm?/s. We may estimate the distance traveled during the
time required to make a measurement as d = (Dr)'/% For
100 s this gives 3.2 10~ cm. On converters in a discharge,

© 1986 American Institute of Physics 1511
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FIG. 1. Work function shift as a function of the positive cesium ion dosage,
for five different bombarding energies.

Cs may be assumed to be spread uniformly on the converter
surface due to the discharge, hence surface diffusion is not
important for converters. At the temperature (=300 K)
and fluxes we operated at, evaporation of Cs was not ob-
served to be a significant loss mechanism at the surface, as
confirmed by monitoring the work function and Cs AES
signal in time after large dosings. At coverages greater than a
monolayer, evaporation is a problem. A typical time for con-
tamination to become observable is of the order of several
hundred seconds, far longer than the time needed for taking
a measurement.

A theoretical analysis of the steady state cesium surface
concentration is pertinent to the understanding of these re-
sults. Over most of the energy range used in the experiment
the implantation depth is greater than one layer so any de-
scription should include implantation. When Cs bombards a
clean target some of the Cs is implanted. As the target mate-
rial is sputtered away the previously implanted Cs is ex-
posed, so that eventually a steady state surface is achieved
that has a fractional Cs coverage. We will discuss this steady
state situation. The present analysis is a generalization of the
analysis of our previous letter. '

We define ¢,, as *he incident flux, 4. as the sputtered Cs
flux, and ¢, as the sputtered target flux. A fraction 8 of the
incident flux is backscattered, so that (1 — 8)¢,, is implant-
ed. The probability that an ion is implanted in thickness dx
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FIG. 2. Work function shift, Cs Auger signal, and coverage dependences on

Cs* bombarding energy at steady state. Coverage is deter:nined from the
work function shift.
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at x is given from Lindhard-Scharff-Schiott (LSS) theory
byld—lh

Pix)dx = 0.57 exp( _ —,R) )dx.
A A*
where R is the average depth and A is deviation. Note that
this is 1 ormalized, i.e., the integral over x is unity. The rate of
increase of Cs concentration, c_, in dx at x due to implanta-
tion is thus given by

dc (x) _ (1 -8,
dt

P(x),

where p is the number density of the target (assumed con-
stant). Note that x is the depth of a slab of the solid, which
changes in time due to two effects. The depth decreases due
to sputtering and it increases due to implantation. Qur pre-
vious analysis'® did not include this increase. The decrease in
depth is given by

dx, = — (¢, +&.)dt /p.
The increase due to implantation is given by

& = [(de.ax=1=B4 o),
d: o P

where @(x) = fg P(x)dx. The total rate of change of depth
is thus given by

dx= —[(¢ +8.)/p+ (1 =B Q(x}/p]ar.

Since we are considering steady state there can be no net Cs
buildup in the target, which means that the total Cs flux
leaving the target must equal the incident flux. This gives the
relation

¢in =B¢in +¢r or ¢( = (1 Aﬂ)¢in'

All of the above relations may be combined to give a differen-
tial equation for the Cs concentration as a function of depth

de. _ dQ /dx
dx Qx)—-1-F,/(0-8"

where I, = ¢,/4,, is the sputtering yield of the target spe-
cies. Integrating, we have that

c.(x)=In[1-Q(x)+ (1-8)/T,].
The surface concertration is thus given by
c.(0)=mIn[1+(1-8)/T,].

Note that in the limit of small concentration we have that
. = (1 — B)/T,, which is the form we obtained in our pre-
vious paper.'?

This model applies when the incident energy is large
enough for implantation to take place. Below this energy
range sputtering and implantation are not the important
mechanisms and the vapor deposition model applies. The
model assumes constant implantation range and spread, and
constant backscattering. Both backscattering and implanta-
tion depend on the composition, and hence the model is not
expected to be accurate at very large concentrations. In addi-
tion, the model becomes suspect when the range is compa-
rable to a layer. It is interesting to note that the concentra-
tion is flux independent; this is a result of neglecting surface
diffusion and evaporation which are negligible.
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In general, the surface concentration is determined by
reflection (backscattering), sputtering, and implantation.
The target mass is an important factor since it determines the
amount of backscattering and the depth scale for implanta-
tion. Implantation becomes of importance once the implan-
tation depth is larger than about one layer of the target, ~2.7
A for Mo or W and =~2.2 A for Be. We can compare the
implantation depth scale with the LSS'*!¢ theory of implan-
tation. LSS theory gives a relation between incident energy
and range for low-energy ions (less than 10keV). We calcu-
lated implantation depths (R) using both LSS range statis-
tics and the TRIM code'” for Cs on Mo, W, and Be. The
implantation depths (in A) are presented in Table I for two
incident energies. Also shown in the table are TRIM code
derived backscatter coefficients. At a given energy the steady
state surface concentration is determined by a balance
between implantation and sputtering. Increasing the inci-
dent energy increases the implantation depth and the sput-
tering yield, decreasing the steady state surface concentra-
tion. For W, compared to Mo, the reflection coefficient is
much larger and the implantation depth much less, resulting
in a significantly lower surface concentration of Cs. Our re-
sults agree with the fact that Mo cathodes are better sources
of H™ than are W cathodes in surface conversion sources.'®

We have seen that Cs* bombardment at a bombarding
energy of ~100 eV is capable of producing high Cs cover-
ages on Mo'® but not on W. The interpretation of coverage
formation by van Amersfoort® holds for W where there is
little implantation and large reflection, but not for Mo where
the conditions are reversed. These results confirm our inter-
pretation of the coverage formation process in these materi-
als: that the coverage goes as (1 — B)/y.

For an optimum work function surface to be produced
at typical converter operating energies (greater than =100
V) the converter material should be lighter than Cs and have
a low sputter yield. Recent work with alkali adsorbates on
ruthenium'®?° has produced very low work function sur-
faces. We have also observed a low work function surface to
be produced by adsorbing Cs on Be. Near optimum cover-
ages may be produced on Be or Ru at higher bombarding
energies, which would also enhance H™ yields.” We plan to
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TABLE 1. Implantation depths (in A) as determined by LSS theory and the
TRIM computer code at incident energies of 30 and 300 eV. The TRIM de-

rived backscatter coefficient 8 is also given.

30eV 300 eV
LSS TRIM B LSS TRIM B
Be 2.0 3.0 0 9.7 13.0 0
Mo 0.97 2.8 0 45 9.1 0
w 0.95 2.0 0.14 44 5.0 0.20

examine the work function reduction on Be and Ru due to
Cs* bombardment as the next step in this series of experi-
ments.
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Scientific Research and the Department of Energy.
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Composxte thin-film producuon by low-energy cesium jon bombardment was mvsugated An
ion beam impinging on a target produces a steady-state film, with a total dose of less than 10'¢
ijons/cm>. The fractional concentration of the beam species depends on the incident energy. When
the incident energy is sufficiently low, the surface binding energy is greater than the recoil energy
and an overlayer forms. An analytical model describing the steady-state film, including
sputtering, backscattering, implantation, and diffusion is given. In the absence of diffusion the
surface concentration depends on the ratio of the implanted fraction to the target sputtering yield.
When diffusion is important, the depth profile becomes exponential and the surface concentration

is reduced.

I. INTRODUCTION

Low-energy ion bombardment has been increasingly used to
produce composite thin films. Cesium is convenient for ex-
perimental purposes because a small concentration reduces
the work function of metal surfaces, permitting in situ mea-
surements of surface modification. In addition, surface con-
centration may be determined by using results of vapor dep-
osition measurements.'

The mechanism in the production of these composite thin
films is the implantation of primary species proceeding si-
multaneously with the sputtering of target material. As the
target is sputtered away, the surface concentration of pri-
mary species increases due to exposure of previously im-
planted atoms. This continues until a stationary state
evolves.

The production of low work function surfaces has many
potential applications, and the use of cesium bombardment
is of interest in negative hydrogen ion sources,’ where a low
work function is needed for production efficiency. Cesium
beams are also used in secondary ion mass spectrometry
(SIMS) systems to increase the sensitivity to the electroneg-
ative elements

This paper describes measurements using several target
materials. Results include work function shift and absolute
surface concentration as a function of cesium beam energy.
Depth profiling by sputtering indicates that profile broaden-
ing® during sputtering is important. An analytic model in-
corporating backscattering, sputtering, implantation, and
diffusion of the implanted atoms is given.

Il. EXPERIMENTAL DETAILS

The apparatus used for the measurements consists of a
UHYV system, with a base pressure of $x10~*! Torr, con-
taining four experimental stations: a cesium ion gun; an elec-
tron gun for the work function shift measurement; a He-Ne
laser of wavelength 4 = 623.8 nm, for absolute work func-
tion calibration; a PHI Auger electron spectrometer (AES)
for detection of surface atoms; and an argon ion gun for
sputter cleaning. A target, 3 mm in diameter, is mounted on
a carousel, which allows rotation to the stations. The experi-

1250 J. Vac. Scl. Technol. A 6 (4), Jul/Aug 1887

0734-2101/87/041260-04$01.00

ment is connected to an Apple Il + microcomputer, so that
control and data acquisition are provided for the cesium gun,
the work function station, and the AES. A second vacuum
system is used for SIMS depth profiling measurements.

The target is cleaned by argon sputtering, using typically
0.2 #A at 5 keV. The beam is rastered to clean the entire
target uniformly. The Auger electron spectrum shows no
observable contaminants for approximately 20 min after
cleaning, and all of the measurements are obtained within
this interval. In order to assure that the target remains clean,
each measurement is preceded by sputter cleaning.

The cesium ion beam is produced by a gun designed and
built in house. The source is a heated pellet of cesium mor-
denite which thermionically emits cesium ions. The ions are
then extracted by mounting the pellet in a Pierce-type ion
gun. In operation, the source is capable of providing incident
current in excess of 1 zA to the target. The beam is deflected
before striking the target so that neutral cesium does not
have a line of sight path to the target.

Work function shifts are measured using the retarding
field diode method.* In this method an electron beam is di-
rected toward a biased target and the bias voltage is adjusted
to reflect part of the beam. The shift in bias voltage is equal to
the work function shift of the surface. To find the absolute
work function, the target is biased negatively, and we deter-
mine the calibration point at 1.96 eV by the onset of the
photoelectron current generated by the He-Ne laser.

A. Experimental results

As the cesium beam bombards the surface, there is a gra-
dual evolution of the composite layer.® The work function
decreases smoothly, and eventually reaches a steady-state
value that does not change further with increased dosage.
The total dose needed to reach steady state is less than
1.0X 10" jons/cm? for all of the measurements. The cesium

concentration increases with decreasing energy, with the in-

teresting cases occurring at and below 100 ¢V.

Two independent determinations of the cesium coverage
are made. The first method is to measure the work function
shift and determine the coverage from vapor deposition mea-
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F16. 1. Surface concentration, AES signal intensity, and work function shift
on molybdenum as a function of incident cesium energy. O Auger signal
intensity; O work function shift; 4 coverage derived from work function
shifts.

surements.’ The second method is to use cesium line intensi-
ties in the Auger spectrum. These intensities are not abso-
lutely calibrated, but for less than monolayer coverages the
line intensity is proportional to the cesium concentration.
Figures 1 and 2 show the work function shift and surface
cesium concentration versus beam energy on molybdenum
and tungsten, respectively. These two targets differ in an
important way; tungsten is heavier than cesium, giving sig-
nificant backscattering, while molybdenum is lighter, hav-
ing essentially no backscattering. The open circles show the
measured work function shifts and the open squares show
the measured AES cesium line intensitics. The filled dia-
monds are interpolated from the vapor deposition data. The
Auger intensity curve is normalized to the concentration at
500 eV determined by the work function. The values of ce-
sium coverage should be accurate, since the curves for the
two methods essentially coincide. The molybdenum data
show a minimum steady-state work function at a cesium
beam energy of 90 ¢V, where the cesium coverage is 0.6 mon-
olayers. The tungsten data show a similar minimum at a
lower cesium beam energy of 45 ¢V. Thus we have shown
that backscattering has a significant role in the formation of
a large surface concentration. This has been further con-
firmed by our recent measurements on beryllium. Implanta-
tion depths in beryllium are greater than on either molyb-
denum or tungsten and we have produced large surface

concentrations throughout the entire 0-500 eV energy -

range. Absolute calibrated minimum work functions. were
= 1.6 eV for the three metals examined (W, Mo, Be).
- In the energy range near the work function minimum, the
data are ambiguous, i.e., the work function change could be
due to a coverage which is either slightly higher or slightly
lower than the optimum. The AES data resolve the ambigu-
ity, and show that there is a monotonic increase in oaium
- coverage with decreasing energy.

In a separate system we have a Kratos SIMS apparatus,
together with a high-energy version of the-same cesium

- source. Usmg this, sputter profiles have been obtained for 4-

-keV cesium ions implanted into silicon. In Fig. 3, a SIMS
profile of Cs'” counts per incident nA is plotted as'a func-
tion of sputtering time. The surface crosion rate is calculated

. J. Vec. Scl. Technol. A. Yol 5. Mo & i/Ana 1087

Carr ot ai.: Composite thin-film production by ion bombardment 1251

using published values of the pure element sputter yield for
Si,® multiplied by the ratio of the incident flux to the sub-
strate atomic density. With this, we calculate a surface ero-
sion rate of = 1.3 10~2 A/s. The Cs'* SIMS signa! as mea-
sured by the pulse counting electronics is essentially an
exponential. This dependence has been observed previously,
and is attributed to radiation enhanced diffusion.> On log
scale, a straight-line extrapolation of the exponential portion
of the profile gives an implantation depth of approximately
90 A. A computer calculation using tt . RIM code,” gives a
mean range of 75 A plus straggling of 19 A, adding to 94 A.
The nonexponential tail of the profile is primarily due to
knock-on collisions of the primary argon beam with the im-
planted cesium.

11l. ANALYTICAL MODEL

Starting with a clean surface, the concentration evolves
smoothly to a steady state. In the beginning there are few
incident atoms on the surface because they are either back-
scattered or implanted. After target material is sputtered
away, the surface concentration of beam species increases
due to exposure of previously implanted atoms. These are
also sputtered, and the surface film stabilizes when the net
beam flux to the target is zero. Additional exposure to the
beam does not change the film. The condition of zero net flux
to the surface defines a threshold energy for composite film
formation. At very low energy, sputtering is insufficient to
achieve zero flux, and an overlayer results.

The model assumes that steady state has been reached.
The differential implantation profile is represented by the
probability of an implanted atom stopping in an interval dx
at x, given by

P(x)dx = Nexp — [(x — R)/D )*dx, (n

where R is the range and D is the deviation. It should be
pointed out that these values are for the composite material
that is actually present. The normalization constant N is de-
termined by the constraint that the total probability is unity;
forR>D,N=(115D)"".

Defining ®,, as the incident flux, ®,, as the sputtered flux
of the beam species, and a as the implanted {raction (1 mi-
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F1G. 3. Cesium SIMS profile in counts per incident nA plotted vs sputtering
time for a composite cesium film on silicon. The surface erosion rate is
~1.3% 1072 A/s. The intercept point is extrapolated assuming a pure ex-
ponential decay.

nus the reflection coefficient), the steady-state condition of
zero net beam flux is given by

¢, =ad,. 2)

At steady state, the depth profile of the implanted atoms is
constant in time when measured with respect to the surface,
but a given slab of material moves toward the surface due to
sputtering, and the concentration of beam species increases
from zero, when it is far from the surface, to a finite value at
the surface. Implantation tends to increase the concentra-
tion and diffusion decreases it. The expression for the im-
planted concentration is obtained using Eq. (1), given by

de(x) dx di

i a®, P(x)/p—-A L (3)

where ¢ is the fractional concentration of beam atoms, p is
the number density of the material (assumed constant), and
A is the effective diffusion coefficient.

At steady state the only time-dependent quantity is the
depth of the slab, and there are two contributions to this
change. It decreases due to sputtering, given by

dx

== (P, +®,)p= — (O, +ad.)p, (4)
dt lepwm

where Eq. (2) has been used to obtain the final form. The

target swells due to implantation of atoms above the slab,

given by
dx .
—_ = (a@.,, J“ P(x)dx)/o =ad,G(x)/p, (5)
dt Vimpi o

where we have defined G(x) = f5 P(x) dx for convenience.
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i 7 T T T ' T The net speed of a slab is the sum of Egs. (4) and (5).
133 "Upon substitution onto Eq. (3) we have that
& Cs ~" implanted in S| At 4KeV 2 A 42 . P 4G (x)
L Y Dosage = 3.3210% fons / cm ~ C+ G(x) - /ad, ~1 _C_=_£__
b 3KeV Ar® SIMS Profile ad, dx* [ /a®a = 1] dx _dx
AR M
T 1 : o (6)
& Note that $,/®,, = I',, which is the sputtering yield of the
] 9 target material from the composite surface. ‘
B \? If diffusion is neglected Eq. (7) has a simple integral, giv-
< 10 o n en by
P \o ¢ (x) =In([1 = G(x) + I\ /a)/[T./a}). )
e Vo Here the surface concentration (x = 0) depends only on the
3 vo° o target sputtering yield and the fractional implantation coef-
O ® ficient, since G(0) = 0. In the limit of low concentrations we
10%- ‘\\ °® 6 . 4 may write
ey ¢, (0) =In(1 + a/T,)=a/T,, (8)
I ‘ \ . which has been obtained previously.®
‘\‘ intercept Point - 90 A When diffusion is not negligible Eq. (6) may be integrated
\ numerically, resulting in the curves shown in Fig. 4. In the
S I L L Jn_ | L n uppermost curve diffusion is small and the profile has the
. 1020 40 60 80 100 120 same shape as that of a Monte Carlo calculation.® Strong
T IME [£100 sec)

diffusion changes the shape toward an exponential tail,
which is a better fit to the observed SIMS depth profile. The
thickness of the film is 3 XD, independent of the other pa-
rameters.

It should be pointed out that the implanted fraction a, and
the target atom sputtering yield I', must be the values for the
steady-state composite surface. By way of illustration, a ce-
sium beam has essentially no backscattering from a molyb-
denum target. In this case, a binary collision gives a small
maximum scattering angle, so that several collisions are
needed to turn a cesium atom around, resulting in a small
escape probability. However, if a reasonable fraction of the
surface is cesium, large-angle scattering can result from Cs—
Cs collisions, and an incident atom can be reflected in one or
two collisions. This means that although a = | for the pure
target, it is less than unity for the composite surface.

At very low incident energy this description does not ap-
ply in two respects. First, it assumes steady state, which re-

o8
0.6
O o4
02
0~0° 1 2 3 4L L]

F6. 4. Calculated concentration profile for I',/a = 1. 4 is the effective
diffusion coefficient normalized to the implanted flux, T', is the sputtering
yield of the target material, and a is the implanted fraction.
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quires that the net beam flux to the target is zero. For low
enough incident energy, sputtering is not sufficient to satisfy
this condition. (This actually occurs in the measurements.
In Figs. 1 and 2 the lowest energy data points are for a cesium
covered surface.) Second, when the implantation range is of
the order of one layer the atoms are essentially merely stick-
ing to the surface.

IV. SUMMARY

Work function reduction and surface concentration of a
composite film produced by cesium ion bombardment have
been measured for molybdenum and tungsten targets. The
surface concentration decreases with increasing beam ener-
gy- A larger surface concentration can be formed on molyb-
denum because it is lighter than cesium and the implanted
fraction is larger. Sputter profiling of the film shows evi-
dence of strong diffusion effects, probably due to both the
implantation and the profiling. A simple analytical model is
described which exhibits the general features of the steady-
state composite film.
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The dependence of the work function on Cs coverage of clean polycrystalline Be has been
measured. The maximum shift obtainable is 2.3 eV. Photoemission and thick Cs overlayer
measurements indicate that the minimum work function surface is at 1.6 eV. This new measure-
ment is one of many showing that cesium covered metals and semiconductors are observed to
have a minimum work function close to 1.6 eV. In general the minimum work function value is
observed to be weakly dependent on the substrate. The work function is determined by the
polarization of the Cs overlayer with the increase of electronic charge in the Cs—substrate
interface.

The work function reduction of many metal and semiconductor surfaces by
coating with Cs is well known [1]. The change in work function of Be with Cs
coverage has not been reported. This paper presents a summary of such an
investigation. The work function as a function of dose shows the characteristic
quadratic behavior, passing through a minimum before leveling off at high
coverage. The minimum work function surface produced is 1.6 eV. This value
is in agreement with the minimum value produced on other materials. The
final work function value of 1.94 eV reported by Wilson for Cs on Be did not
pass through a minimum before reaching this value [2). The minimum work
function produced is due to the outward-positive dipole layer formed by the
polarization of Cs with the increase of electronic charge in the Cs-substrate
interface. We have used Auger electron spectroscopy (AES) to verify surface
purity.

Our experimental procedure and apparatus have been previously described
and will only briefly be reviewed here [3]. The vacuum vessel has a base
pressure <5 X 10~ " Torr. The experiment is performed at room temperature
and at an operational pressure of (2-8) X 107! Torr. Two analytic stations
are employed: the retarding field electron diode work function shift measure-
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Fig. 1. Work function shift versus dose at 8 eV incident Cs* energy.

ment [4,5] station and the cylindrical mirror analyzer station, used for AES. In
addition, we have added a HeNe red laser (A =632.8 nm, 1.96 ¢V) to our
system. We use the onset of the laser induced photoelectric current to calibrate
our work function shifts.

Measurements were taken as a function of Cs dose. A beam of low energy
Cs™ ions (8 eV) provides our Cs flux. We have shown that on Mo all of the
incident Cs will stick to the surface at low coverages {6]. Mo is much heavier
than Be, but still lighter than Cs, so the same should be true for Be. The
secondary electron yield is negligible at this energy [7,8]. Monitoring the ion
current also gives us an accurate measurement of the dose. The target is 3 mm
in diameter and the Cs* flux is on the order of 8Xx10'* ions/cm?-s.
Impurities and neutral Cs in the Cs* beam are negligible. In situ cleaning of
the sample is accomplished by Ar* sputtering (~0.2 pA at 3 keV), and
cleaning precedes every dosing. After the sample is dosed, it is immediately
rotated into position for work function shift measurements, photoelectron or
AES measurements. Surface contaminants, including N and implanted Ar, as
observed by AES, are less than 1%.

In fig. 1 the work function shift is plotted as a function of dose. Also
indicated in fig. 1 is the value of the work function shift at which the
photoelectron current hegins. The maximum work function shift occurs at a
dose of ~ 2 x 10" ions/cm?. This maximum shift corresponds to a 1.6 eV
minimum work function surface. After going through a minimum, the work
function shift decreases and levels off at a value of ~ 1.9 eV. From the shifts
we obtain a value of 3.92 eV for the clean work function of polycrystalline Be.
This value is lower than the value of 5.10 £+ 0.02 eV for the Be(0001) surface
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Fig. 2. Auger Cs and Be signal intensity versus dose at 8 €V incident Cs* energy.

[9], but is higher than 3.67 eV reported by Wilson [2]. Such differences in work
function with respect to different faces of crystal are known [10). The surface
roughness resulting from sputter cleaning is not known.

Shown in fig. 2 are the Be and Cs Auger signal intensities. The Be 104 eV
and Cs 47 and 563 eV Auger transition peaks are monitored. The figure clearly
shows the decrease in the Be Auger signal and the increase in Cs Auger signal
with increasing Cs dose. The peaks are normalized to the clean Be signal. The
Be Auger signal is seen to be attenuated by ~ 30%. The Auger and work
function curves both begin to saturate at a dose of ~ 6 X 10'* atoms/cm’. In
fig. 1 we see that the minimum work function occurs at a coverage of
approximately one-half, as determined from the AES signal intensities. The
true dose may be smaller if the surface is not perfectly flat.

Assuming that a complete Cs monolayer has a hexagonally close-packed
surface structure (diameter 0.47 nm; 5.2 X 10'* atoms/cm?) [11], we may
estimate the attenuation of the Be Auger signal. The Auger Be escape depth,
Ao, through a Cs overlayer is calculated to be 0.7 nm {12,13]. The average
volumetric distance (8) an electron travels in passing through this Cs layer is
0.28 nm. Using an exponential dependence on § for the attenuation of Be
Auger electrons through the Cs layer (1 — e ~/20), we obtain an attenuation of
33%. This is in excellent agreement with our observed value.

Although not shown here, at bombarding energies up to 900 eV, the work
function passes through a minimum and then rises to the value associated with
high Cs coverage as the dose is increased. The high Cs coverage is confirmed
by AES. At the energies examined there is implantation, as evidenced by
Auger depth profiling. The minimum that the work function reaches slowly
increases with bombarding energy. The dose required to reach the minimum
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Table 1

The work function (¢y) of the clean surface, work function minimum (é,;,) due to optimum
cesium coverage, maximum change in work function (Ady,,), the cesium high coverage work
function ($yc), and the work function minimum calculated with expression (1) ( %C:'If.); the values
listed are a small subset of those available in the literature [1,14]

Element/Z Crystal face ¢ Prmin Admax PHC ¢ Ref.
Beryllium/4 Polycrystalline 3.67 1.94 1.73 1942 1.83 12)
Beryllium/4 Polycrystalline 3.92 1.6 232 19 1.77 b
Aluminum/13 (111) 424 1.64 260 194 1.69 [19]
Silicon /14 Q11 470 153 317 - 1.58 n
Germanium/32  (111) 4.79 1.52 327 -~ 1.56 [1]
Niobium /41 Polycrystalline 4.19(100) 1.44 275 163 1.70 [20)
Molybdenum /42 Polycrystalline 4.2 1.54+0.05 266 1.82+0.05 1.70 1]
Ruthenium/44  (001) 5.52 142 410 22 1.38 [11]
Tungsten/74 Polycrystalline 4.52 1524005 30  1.80+005 1.62 {1
Rhenium/75  Polycrystalline 4.85 1454005 3.40 1774005 1.54 i
S$S304 421-43 152 - 1.60 1.70-1.68 [2]

) Questionable result. » This work.

also increases with energy. This increase in the minimum follows the increase
in implantation depth. The important point is that even a subsurface con-
centration (~ 10% by dose) of Cs has only a small effect on the minimum
work function produced by Cs surface coverage.

Minimum work functions of several elements associated with Cs adsorption
are listed in table 1. The table lists a small set of the values available in the
literature [1,14]. As can be seen in table 1, the minimum work function values
are essentially constant at 1.6 + 0.2 eV. The work function value of the clean
surfaces lie in a considerably larger range, 3.9 eV (Be) to 5.5 eV (Ru). The
values for the work function shifts for the transition metals associated with Cs
coverage are attributable to the shielding produced by the open d bands of
these metals [15]. In Al, with no d band electrons, the shielding is provided by
s and p electrons [16]. Be metal also possesses no d band electrons, but has
partially filled s and p bands. This suggests that s and p band electrons may
play a role analogous to the d band electrons in the Cs—-W system.

We should distinguish the bulk (substrate) from the surface (extended
adlayer of shielded Cs dipoles). Based on population analyses of ab initio
self-consistent field wave functions for Be clusters containing up to 57 atoms,
the surface atoms accumulate an excess of 0.2 electrons per atom over the
inner atoms [17). The excess electrons at the surface can spill-out into the
vacuum. The distorted, but localized, nature of the Cs 6s valence electrons and
their interaction with the spill-out electrons from the substrate is discussed in
the analysis of Cs on W by Wimmer and co-workers [15]. For Cs on W,
Wimmer and co-workers find that the charge redistribution is localized outside

-
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the surface, the interior substrate charge density remaining unchanged [15].
We would expect the same to hold for Cs on Be. The surface structure is that
formed by the Cs atoms and the shielding electrons, the latter forming an
interface between the surface and the bulk. It apparently does not matter
whether the interface layer is composed of s, p or d band electrons.

Broeder et al. [18] examined the initial work function lowering by the
formation of adsorbate dipoles. Based on the work of Broeder et al. Alton
employes an empirical relation for computing the maximum change in work
function A¢,,,, at an optimum fractional coverage, associated with atomic
adsorption [14). A simple rearrangement of Alton’s expression for A¢,,,, yields
the followir+ cxpression for the minimum work function ¢, associated with
#tomic adsorption:

bin = 1.24[1(IP + EA) — 0.19¢ ], (1)

where IP and EA are the ionization potential and electron affinity of the
adsorbate atoms, respectively. This expression, in essence, equates the mini-
mum work function to the difference between the Mulliken electronegativity
of the isolated (gas phase) adsorbate atoms and the intrinsic work function ¢,
of the pure metal subst.ate.

The work function of Cs is 2.14 eV [10]. Using IP = 3.89 eV, EA = (.47 eV
and our value of 3.92 eV for the clean work function of Be in expression (1)
gives a value of ¢, = 1.78 eV compared to the photoelectron calibrated value
of 1.6 eV. Some of the variations in ¢, from that calculated may be
attributed to inaccuracies in the experimental values and to differences in
coverage at which the minimum actually occurs. It is also interesting to note
that a similar result is observed for K on metals [14]. When one evaluates the
minimum work function produced by the adsorption of K, one again sees a
minimum centered in a small range about a fixed value (2.0 + 0.2 eV) which is
lower than the work function of K (2.3 eV).

As long as a substrate possesses spill-out electrons, which can interact by
the alignment and localization of the Cs 6s electrons with the surface, it would
appear that the extended, shielded Cs dipole adlayer determines the minimum
work function. This minimum lies in a small range for the materials examined.

We wish to thank Homer Hagstrum for helpful discussions, George Wohl-
rab and Gunther Wirth for machining most of the experimental apparatus.
This work was supported in part by the Air Force Office of Scientific
Research, the US Department of Energy, and the New Jersey Commission on
Science and Technology.
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SURFACE PRODUCTION OF NEGATIVE HYDROGEN IONS BY HYDROGEN
AND CESIUM I1ON BOMBARDMENT

M. Seidl, W. E, Carr, J. L. Lopes
S. T. Melnychuk, and G. S. Tompa
Department of Physics and Engineering Physics
Stevens Institute of Technology, Hoboken, NJ 07030

ABSTRACT

. Metal targets have been bombarded with cesium and hydrogen
ions in the energy range 100 to 1000 eV. Angular and energy
distributions and the yield of the H ions have been measured as
function of energy and ion mix. Synergistic effects due to
simultaneous hydrogen and cesium ion bombardment produce a higher
H yield than the sum of the individual processes, Cesium
coverage on metal surfaces due to cesium ion bombardment has been
studied. High coverages corresponding to a workfunction of 1.6 eV
can be obtained at 100 eV energy when the target mass {s smaller
than the cesium mass.

1. INTRODUCTION

In surface conversion sources‘. negative hydrogen ions are

produced on the surface of a metal target placed into a
hydrogen-cesium plasma and biased negatively with respect to the
plasma; The surface of the target {is bombarded by positive
hydrogen and cesium ions typically in the 100 to 300 eV energy
range. The target is also exposed to a flux of hydrogen molecules
and atoms in ground and excited states. Surface production of
negative hydrogen ions may be due to several processes, such as
backscattering of hydrogen ions or atoms from the surface, or by
sputtering of adsorbed or implanted hydrogen by cesium or hydrogen
ion bombardment.
Ths_glrst section of this paper is a short account of our
studies on sputtering adsorbed hydrogen from a molybdenum
target bombarded with cesium ions. In the second section we
discuss our experiments on H fon production by simultaneous
bombardment of a ruthenium target with_cesium and hydrogen fons.
Preliminary results indicate that H ion production due to
combined bombardment with hydrogen and cesium ions is considerably
larger than the sum of the two individual processes. In order to
invastigate this "target chemistry®™ in more detall, we have
started to study low energy jion bombardment of metal and
semiconductor surfaces. The first part of this program, involving
cesium ion dbomdbardment of metal surfaces, is presented in Section
4 of this paper. + This vork explores the mechanism of cesium
coverage due to Cs ion bombardment. In particular, it shows why
molybdenum is a dbetter target for surface conversion sources than
tungsten.
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2. PRODUCTION OF H~ IONS BY CESIUM BOMBARDMENT

In these experigents a metal target (molybdenum or ruthenium)
is vombarded with Cs ions. The target Is also exposed to cesfum
vapor and hydrogen gas. Optimum ces{um coverage for minimum work
function {s obtained by adjusting the ratio of the cesium ion to
atom fluxes. Hydrogen coverage is provided by chemisorption of
hydrogen on the target. Cesium ion bombardment is the only
avallable process for desorption of the hydrogen from the surface
of the target. 5

The latest experimental set-up” i{s shown in Fig. 1. The
apparatus consists of a planar diode, rotating Faraday cup, and a
rotating magnetic sector mass spectrometer.

The cathode of the diode is the molybdenum target. The anode
is a fine tungsten mesh placed 2.0 mm from the cathode. During
operation the mesh is heated to about 1000°C by passing current
through {t.

Cesium vapor 1s produced in a small oven and directed into a
cesium manifold by means of a feeder tube. The cesium manifold is
heated to 300°C and provides a uniform flux of cesium vapor to the
diode region. Some of the cesium i{s surface jonized at the hot
tungsten mesh which provides a source of Cs 1ions. These ions are
accelerated onto the negatively blased cathode. The specific
perveance of the geqmetry is large enoqgh to provide a
space-charge-limited Cs current of 100 uA/cm at 100 ¥V, almost
two orders of magnitude larger than the residual water vapor flux.
The lens effect of the mesh adds an i{ntrinsic angular spread of
7.5 mrad to the negative ilons accelerated by the mesh. This is
about 10 X less than the typlcal spread dye to sputtering. In
order to monitor the uniformity of the Cs fon curreit density
over the cathode area, the Cs {on current density 1s measured by
two positive fon cups facing two 0.635-mm-diam holes drilled 1.19
cm apart in the molybdenum alignment plate. Typlcally, the two
positive ion cup currents differ at most by 10%, which indicates
that the neutral and ion fluxes to the Mo cathode are fairly
uniform.

The basic operation of the experiment s as follows:
Hydrogen and cesium are co-adsorbed on the molybdenum target
surface which {is continuously bombarded by Cs 1ions. The
sputtered H , Mo ions, and electrons are accelerated back across
the diode gap, partially attenuated by the mesh and collected by
the cesium manifold. A small sample of the sputtered beam passes
through a 0.635-mm-diam aperture., All particles emitted in a cone
of 14° half angle are accepted by the detection system. -

_ The Faraday cup measures the total current due to all (H,
Mo , and e ) negative particles. When the Faraday cup s rotated
out of the beam path, the mass spectrometer i{s used to measure the
angular dependence of each species,

A typical set of angular d4istributions is shown in Fig. 2.




Measurements indicate that the H {ion angu%gr distribution {s
approximately Gapssian, f(8) = exp - (e/eo) » Where eo varies
slightly with Cs bombarding energy. For U = 250 eV, eo = 4,50,
and for Cs energy of 1000 eV, 6 = 3.2°,

The exit angle 6 of a negat?ve ion 1s related to its pa£a11e1
energy E at the surface of the target by the equation tan"e¢ = E
/U where U 18 the accelerating voltage applied between the anode
and cathode. Using this relationship, the angular distribution
can be converted into parallel energy distribution. Fig. 3 shows
that the H fon parallel energy distribution is approximately
Maxwellian, f{E ) = exp-(E /T). The ilon temperature T depends on
the bombarding Cs energy U, ranging from T/U = 0,37% (for U = 750
eV) to T/U = 0.608 (for U = 250 eV). The ion temperature
increases when the hydrogen or cesium coverage is incomplete.

Measurements show that most H ions leave the target surface
with an initial energy of 1.0 to 1.5% of the Cs gnergy. All H
ions have an initial energy less than 3% of the Cs energy. This
is consistent with the notion that a few binary elastic collisions
are suffficient to describe the desorption process. The simplest
model consists of only two collisions; an incoming Cs 1ion
coliides with a hydrogen atom that in turn is rerlgcted from a
molybdenum atom. The energy transferred from the Cs {ion to the
hydrogen atom is given by the equation

Ez/Eo - hM1M2
where Eo and M, are the Cs' ion energy and mass, respectively; E
and M, are the hydrogen energy and mass, respectively; 6 is th
recoif angle (angle between the Cs ion velocity and the velocity
of the hydrogen atom). The maximum energy transfer, occurring for
head-on collisions, {s E /E° = 0.03. The hydrogen-molybdenum
collision does not change ehe hydrogen energy.

The negative ion yield is defined as the number of negative
ions sputtered per Iincident cesium ion, Yl n " Jion/JCs' where
J is the current density of the sputteﬁ%d fons leaving the
tL?Eet and J is the incident current density. The yleld has a
maximum valué” when the work function of the cathode reaches a
minimum (about 1.6 eV for molybdenum covered with 2/3 monolayer of
cesium). The yield also depends on hydrogen coverage of the
target. Fig. 4 shows that the H yleld reaches a saturation when
the hydrogen pressure reaches about 10 ~ torr.

The optimum H, Mo, and e yleids are shown in Fig. 5 as
function of Cs ion bombarding gnergy. The yield of H ions has &
maximum value of 0.8 at a Cs energy of 750 eV. Under these
conditions most of the H_ jons have an initial energy of about 10
oV, The same value of H energy has beeg ?Bt.ained for maximum H
production in backscattering expgriments™' . Fig. 5 shows that
the H yield is smaller than 10 7 for Cs energies less than 120
eV, The maximum energy a hydrogen atom can obtain in a collisfon
with a 120 eV Cs ion is 3.6 eV. Since the binding energy of

2 2
cos e/(H1 + Hz) ,
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hydrogen on molybdenum is about 2.7 eV the initfal energy of the
H ion can be at most 0.9 eV. At this energy the survival
probability of the H 1ion is low.

Surface conversion sources are usually operated in the energy
range of 100 to 200 eV, Fig. 5 shows that at these energles the
H yield is very small. It follows that sputtering of adsorbed
] hydrogen by cesfum ion bombardment {s not the dominant process in
] these sources. Hydrogen ion bombardment has to be an important
' process either on its own merit or In combination with cesium

bombdbardment. Preliminary experiments along this 1line are
| described in the next sectlon.

3. PRODUCTION OF H IONS BY HYDROGEN AND CESIUM BOMBARDMENT

In these experiments the target 1s bombarded simultaneously
with cesium and hydrogen lons. Cesfum ions are again made by
surface lonization while the hydrogen ions are produced in a
planar magnetron discharge.
| The apparatus, shown in Fig. 6, consists of the planar diode

where the H 1lons are produced and of a diagnostic section which
] analyzes a small sample of the H beam. The cathode of the diode
| 1s a wmolybdenum plate with a center hole {into which various
targets can be Inserted. The anode is again a heated tungsten
mesh placed 0.5 cm from the cathode. Cesium vapor introduced into
the diode region through siits in the cesium manifold is surface
fonized at the hot mesh, The Cs {ons are accelerated to the
cathode by a voltage of 100 to 500 V applied between cathode and
anode.

Hydrogen ions are produced in a plasma slad filling the
: cathode-anode gap. The plasma {s sustained by a magnetron

' discharge. A uniform magnetic field of 270 G, parallel to the

cathode, {s generated by two sammarium-cobalt magnets (not shown).

The ExB drift {s from the hot filament (cathode of the discharge)

to the discharge anode which is connected with the anode of the

diode (hot mesh). The plasma potentlal is close to the anode

potential so that the kinetic energy of the hydrogen ions hitting

the target 1s close to el where U is the anode-cathode voltage of

the djode. The target is bombarded with an unknown mix of H , H

and H, ions. The discharge typlcally operates at 60 V, 0.02 A anﬁ

1 tor; pressure. This high pressure is only in the d;gde gsglon.

the rest of the chamber has a pressure much lower (10 -10 ") due

{ to differential pumping. The hydrosfn ion current density at the
target can be varied up to 0.5 mA/cm".

The positive hydrogen and cesium ion current densities
bombarding the target are monitored by two pairs of Faraday cups
collecting ions passing through two holes drilled 1.19 cm apart in
the cathode plate. A magnetic field of 3.3 kG deflects the
hydrogen jons into the hydrogen cups. ‘The cesium ions follow
essentially straight trajectories and are collected in the cesfum

fon cups. ’
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The diagnostics system is fdentfical to that in the previous
experiment (Section 2) except for a retarding grid analyzer which
measures perpendicular energy distributions of the H ions.

In this experiment the ion bombardment of the target can be
varied from pure cesium ion bombardment to almost pure hydrogen
ion bombardment. Optimum cesium coverage of the target {s
-obtained by controlling the target temperature, cesium vapor
pressure and the ion bombardment flux. .

Several interesting phenomena can be observed when the target
is exposed to mixed hydrogen and cesium ion bombardment. The
bombardment energy threshold -of 130 eV, typical for cesium ion
bombardment, is no longer present. This can be attributed to
hydrogen sputtering and backscattering. Indeed, the energy
spectra of the H ions indicate the existence_of these processes.
Fig. 7a shows that the distridbution of H {ons 1in parallel
energies can be represented by three exponential components. The
part with the steepest slope corresponds to cesium sputtering, the
intermediate slope is due to hydrogen sputtering and the smallest
slope is due to hydrogen backscattering. The distribution of H
ions in perpendicular energies, Fig. 7b, shows a similar pattern.

However, yield measurements indicate that H proqpctlon is
not a simple superpoaition of the three isolated processes of
cesfum sputtering, hydrogen sputtering and backscattering.
Rather, the combined synergetic action of hydrogen and cesium
gives higher yields than expected from the superposition of these
processes taken individually. This point is fllustrated in Table
I which presents measured H 1ion yields for several cesium and
hydrogen current densities. In this tabdle JT - J * JH is the
sum of cesium and hydrogen current densities hittfﬁi the target,
B yleld is defined as the ratio J,-/J. where J“- is the H
current density integrated over all angles.

The brightness of an H beamlet along the axis is defined by
the quantity B = 1/(S x Aa)_!hers 1 13 the H current emitted from
a 3§rget area of 3.2 x 10 ° cm” in a solid angle of AR = 5.9 x
10 Steradians. If B ion production was due to the
superposition of cesium and hydrogen bombardment, the H yleld
would have the form

JH-/JT - YCa JCs/JT * Yy JH/JT

where Y. and Y, would be constant for a given energy. Table 1
shows t&ft this 'Is not the case. At 200 eV bombarding energy the
H yields are small for pure cesjum as well as for predominantly
hydrogen bombardment. The yleld increases to a high value of 0.31
for a 0.17/0.83 cesium/hydrogen mix. This yield is about 5 times
higher than the yig}d in a surface conversion source operating at
8 similar voltage . The specific brightness B/JT follows a
similar trend.
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U (Volts) 200 125

3c, (mA/cad) 0.03 | o.04 | 0.06 § 0.23) 0.35

J, (mr/cad) 0.00 | 0.76 | 0.23 | 0.63 | 2.34

Jy (mA/ca®) 0.03 | 0.80 | 0.29 | 2.76 | 2.69

JeglIr 1.00 | 0.05 | 0.20 | 0.17 | 0.13

e 0.00 | 0.95 | 0.80 |0.83 | 0.87

H Yield 0.02 | 0.03 0.31 | 0.18 ']
B/J, (ster” ) 0.95 | 0.57 { 2.8 |u.9 | 1.32 %ﬁ

Tadble I. H~ lon yield and H- beam brightness for several
cesium and hydrogen bombardment current
densities,

These and similar observations of synergetic reactions in
surface production of H {ions by combined cesium and hydrogen
bombardment bring up new questions: What _1is the reaction
mechanism? How can {t be used for improving H yield? In order
to answer these questions we have initlated some fundamental
b ] studies in ion aurface interactions. The first part of this
program is described in the next section.

4, WORKFUNCTION REDUCTION OF METAL SURFACES BY CESIUM ION
BOMBARDMENT

¢ In these experiments the formation of composite surfaces due
to cesfum ion bombardment of some metals has been studied. The
j results have direct relevance to surface conversion sources. The
mean free path for cesium ionization by electron lmpact is smaller
than the plassa dimensions in these sources. Consequently, cesium
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coverage of the conv;ster surface is due to cs' fon bombardment,
not vapor deposition ~. It has been suggested that the minimum
workfunction surface may not bgza?gleved by cesium ion bombardment
at typical converter voltages. '

The apparatus used for peasurements {s shown in Fig,ts. It ) ! )
consists of a UHV system, with a base pressure of 5x10 Torr, ‘
containing 4 experimental stations; a cesium ion gun, an electron
gun for the work function measurement, an Auger electron
spectrometer (AES) for detection of surface atoms, and .an argon
ion gun for sputter cleaning and depth profiling. A target, 3 mm
in diameter, 1s mounted on a carousel, which allows rotation to
the stations. The experiment is connected to an Apple computer,
so that control and data acquisition are provided for the cesium
gun, the work function station, and the AES,

The target 1is cleaned by argon sputtering, using typically
0.1 microamps at 5 KeV, The beam is rastered to cover the entire
target. The Auger electron spectrum shows no observable
contaminants for approximately 20 minutes after cleaning, and all
of the measurements are obtained within this interval. In order
to assure that the target remains clean each measurement {s
preceded by sputter cleaning.

The cesium ion beam {s produced by a gun constructed {n
house. The source is a heated cesium mordenite pellet which
thermionically emits cesium fons, mounted in a Pierce gun. This
source eliminates the contamination that is a problem with sources
using cesfum -vapor. The maxi{mum current is a few microamps, of
which approximately one microamp strikes the target. The beam is
deflected before striking the target so that neutral cesium does
not have a line of sight to the target. Beaz energy and total
dose to the target are computer controlled.

Work fqutxon shifts are measured using the retarding fleld
diode method . In this method an electron beam {s directed
toward a blased target and the bias voltage is adjusted to reflect
part of the beam. The shift in bias voltage i3 equal to the work
function shift of the surface. i

Figs. 9-11 show the dependence of the work function shift on
cesium ion dosage for several bombarding energies. Fig. 9 refers
to a polycrystalline tungsten target, Fig, 10 to polycrystalline
solybdenum, and Fig. 11 to polycrystalline beryllium. In all
cases the initial work function shift is zero (clean metal). The
shift decreases amoothly with increasing ¢osage until it reaches a
steady state value dependent upon the Cs 1ion energy. The total
loesdose neﬁged to reach steady state tork function is less than
10'" ions/cm” in all cases. The steady state work function shift
is a function of incident ion energy and target mass. The ateady
state work function (absolutely calibrated by photo-emission) is
plotted in Fig. 12 as function of incident cesium energy for all
three targets.

For tungsten (atomic mass 183.8) the work function reaches a
ainisus of 1.6 eV at incident energy of 40 eV. Vapor deposition
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3
u experlments's give the same minimum work function for a cesium
coverage of about 0.6. The steady state coverage at incident
energies smaller than 40 eV is larger than the optimum coverage.
This can de seen in the 30 eV curve {n Fig., 9. The work function
rises sharply with increasing bombarding energy reaching 2.9 eV at
100 eV and approaching a plateau of 3.4 eV, This 1133 in general
agreement with predictions of van Amersfoort, et al.
» In the case of molybdenum (atomic mass 95.6) the work
} function reaches the minimum of 1.6 eV at an Incident ener,g
of 100 eV. Comparison with vapor deposition experiments “ again
indicates optimum cesium coverage. At lower incident energies the
ccverage s larger than optimum and at higher energies the
coverage decreases. This was confirmed by Auger electron
spectroscopy. The increase of work function with energy {is
L considerabdly slower than for tungsten.

For beryllium (atomic mass 9.0) there is a minimum work
function for all energies. The woinimum 1s almost energy
independent (1.6 eV to 1.7 eV) only the required dose changes with
h energy as seen in Fig, 11. The steady state work function {s 2

eV, constant in the entire energy range from 8 eV to 600 eV (Fig.
12). Auger electron spectroscopy confirms that cesium coverage in
steady state {s larger than optimum for all energies.

The fundamental processes responsible for cesium coverage by
jon bombardment are cesium ion implantation and surface erosion
due to sputtering by cesium ions. Starting with a clean surface
the cesium concentration evolves smoothly to a steady state. 1In
the beginning there are few cesium atoms on the surface because
incident atoms are either backscattered or implanted. After
target material s sputtered away the surface concentration of
cesium increases due to exposure of previously implanted atoms.
These are also sputtered, and the surface film stabllizes when the
net cesium flux to the target 1s zero. Additional exposure to the
cesium beam does not change the fila. The threshold energy for
composite films formation is a result of the zero net flux
condition, since at low enough energy the sputtering {s
insufficient to achieve ,it and the beam forms an overlayer. A
simple theoretical model provides the following formula for the
fractional steady state concentration c¢ of cesium atoms on the
surface:

c=tan (1 + (1-8)/Y)

¢ where 8 i3 the backscattering coefficient for cesium {ons and Y is

: the sputter yield of the target material. This formula applies as
long as ¢ < 1. One can understand qualitatively Fig. 12 dy noting
that both 8 and Y increase with bombarding energy and target mass.
When the target atoaic mass 18 smaller than 133, vhich is the
atomic mass of cesium, the reflection coefficlent B is practically
zero. If in addition the target material has also a large
sublimation energy, the sputter yield Y is also small, resulting
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in a large cesium concentration.
It has been known for some‘élme that molybdenum is a bdetter
converter material than tungsten . Our results indicate that the

reason is the high work function of tungsten exposed to cesium

bombardment in the energy range of 100 to 200 eV where most
converter sources operate. On the other hand, the work function
of molybdenum reaches the minimum value of 1.6 eV at the operating

“energy of most surface conversion sources. The mass of beryllium

is so low that the steady state coverage of cesium exceeds the
optimum value,

_Production of layered composite surfaces by means of
multi-ion bombardment of some semiconductor materials may lead to
surfaces providing improved H yield. This is the next step in
our research.
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Compact efficient modular cesium atomic beam oven

G. S. Tompa, J. L. Lopes, and G. Wohirab

Stevens Institute of Technology, Plasma and Surface Physics Laboratory, Physics and Engineering Physics
Department, Castle Point Station, Hoboken, New Jersey 07030

(Received 16 March 1987; accepted for publication 13 April 1987)

A simple atomic beam oven is described. It uses a modified commercially available all metal
sealed valve to break a glass cesium ampoule. Standard fittings are used to provide modularity
and cost efficiency. Although designed for use with cesium ampoules, application to any

volatile material is straightforward.

In past years several sources of alkali atomic beams have
been developed for various uses.'’" In general they are limit-
ed in their ease of use and flexibility in switching from one
system to another. We have designed a cesium oven to be
extremely simple to use and made of standard components
readily available. The use of standard components provides
modularity and adaptability. In our lab, cesium is utilized in
surface conversion experiments.'>!?> This oven is used to
provide cesium for a Cs-H, discharge."

The oven is shown in Fig. 1 along with its vacuum inter-
face connections. The oven itself is a modified all metal
sealed Nupro S§S-8BG valve.' The valve itself comprises
both ampoule holder and breaker. The valve is bored
straight through. The bore hole diameter is 3/8 in., slightly
larger than the diameter of the glass ampoule. The standard
valve stem is used as a ram to break the glass ampoule. The
only modifications to the ram are to reduce its total length
and to add a vacuum pumping hole in its assembly. This is a
simple process since the ram head is detachable. All connec-
tions for the system are Cajon VCR fittings,'s using 316
stainless-steel gaskets. The through length of the valve is
slightly larger than that of the ampoule such that the free
riding ampoule lies beneath the ram. The oven is mountable
in any orientation. An in-line spring has been used to keep
the ampoule stationary.

The vacuum side of the oven is attached to a Nupro SS-
4H all metal sealed high-temperature valve. The valve is

(] - HEATING TAPE

CUT OFF

VACUUM | AIR VALVE ——— GASKET
INTER 'FACE D
— —3
‘atnadil
TO PLA
DISCHARG

FEED THROUGH

CESIUM OVEN — =

AMPOWLE BREAKING RAM

used to isolate the chamber from the oven when changing
ampoules or to seal the unused portion of the cesium when
letting the chamber up to atmosphere. The cesium would
quickly react with the atmosphere and become contaminat-
ed. The oven, in our use, supplies cesium to a discharge
through a biased manifold. To prevent shorting of the dis-
charge the entire oven is floating. It is mounted on an electri-
cally isolating vacuum feedthrough. The other end of the
valve is presently sealed with a plug. The gasket between the
oven and valve has a 145.< 145 — 0.001 in. tungsten mesh
spot welded over its throughhole. The screen acts as a stop
for any glass shards produced when breaking the ampoule.
Once assembled the oven is ready to use. Before break-
ing the ampoule the oven is baked under vacuum to remove
any contaminants. The ampoule is then broken by simply
turning the ram. Heating tapes are used to heat the oven and
valve outside the vacuum chamber. Inside the chamber a
molybdenum filament is used to heat the cesium feeder tube.
Temperature controllers, employing “k”-type thermocou-
ples, are used to maintain constant temperatures in the var-
ious regions of the assembly. Generally the feeder tube, feed-
through, and isolation valve are kept hotter than the oven.
Keeping these portions hotter than the oven allows the flux
to be controlled by the oven temperature. The beam itself is
in equilibrium with the hotter portion of the ducting, since
the mean-free path of the cesium is greater than that of the
ducting dimensions. An additional bonus of the hot ducting

MESHED

F1G. 1. The cesium oven, cutoff valve, and vacuum break os used to produce atomic cesium beam.
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is that the dimer population of the atomic cesium beam is
greatly reduced. The flux through the feeder tube is con-
trolled by the oven temperature and the net conductance of
the assembly. The entire assembly is bakable in excess of
315 °C, so a wide range of cesium vapor pressure (flux) may
be produced. Presently, a copper water cooling block is at-
tached to the oven. This is used to quickly terminate the flux
and localize the cesium in general.

We have measured the cesium flux admitted into the
discharge region as a function of oven temperature and the
stability in time of the cesium flux at a given temperature.
The experimental apparatus used for the measurements has
been described previously'>'* and will only be briefly dis-
cussed. The cesium flux is measured by ionizing a portion of
the cesium flux with a hot tungsten mesh. The positive ce-
sium ion current density (J o, ) is measured as a function of

" temperature. Thus the cesium flux can be obtained from

cesium flux = J o, /[e(1 - 1)],

where t = 0.733 is the mesh transmission and e is the charge
of an electron. Figure 2 illustrates the cesium flux as a func-
tion of temperature. A change in oven temperature of 25 °C
can vary the flux by more than an order in magnitude. The
average deviation of the flux does not change more than a
few percent at a given temperature over a period of several
hours. Hence, this oven can provide a steady flux of cesium
vapor.

The oven has been used many times with no degradation
in performance. The isolation valve has allowed the chamber
to be opened several times without changing the cesium am-
poule. Routine maintenance is performed every time an am-
poule is changed. Maintenance primarily includes removing
the glass shards and boiling all components in deionized wa-
ter. After boiling, several rinses are carried out to remove all
residues. After drying, the components are given a final bath
in acetone and methanol and then allowed to air dry before

1537  Rev. Sci. Inetrum., Vol. 58, No. 8, August 1987

reassembling. New gaskets are also used.

The merit of using standard components for this oven is
apparent. Any Cajon VCR connections may be employed
for ducting the cesium to any system, and of course adapter
connections to any other type of connectors may be ob-
tained. If alignment is difficult, standard flexible metal hoses
are available. In its present use the chamber is opened more
often than the ampoules are changed and there has been no
need for differential pumping; but another valve for differen-
tial pumping may be connected where there is presently a
plug. By installing a TEE and another valve, vials could be
opened in various atmospheres as well as vacuum. The mo-
dularity of the system allows for a wide variety of applica-
tions. While this oven was designed to provide a convenient
method for breaking a glass ampoule of cesium in vacuum,
any volatile material may be used in this design; whether
sealed in a glass ampoule or not. Note also that this design is
capable of operation at cryogenic temperatures, so materials
with high vapor pressures or low melting points could be
cooled and opened with reduced vapor pressures or in the
solid phase, respectively.

Finally, it should be noted that a ram type valve is not
the only type that lends itself to simple modification into an
ampoule breaking device. In particular, a ball valve may
easily be adapted into an ampoule breaking device. If high
vacuum and high temperatures are required the normal ball
valve stem seal may be replaced by a bellows assembly that
permits rotary action, such as that in a Nupro 24VFBG.'*
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WORK FUNCTION OF METALLIC SURFACES BOMBARDED
WITH CESIUM IONS

G.S. TOMPA *, W.E. CARR and M. SEIDL

Department of Physics and Engineering Physics, Stevens Institute of Technology, Hoboken,
NJ 07030, USA
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Reduction of work function due to the build-up of cesium coverage on beryllium, molybdenum,
and tungsten caused by cesium ion bombardment was investigated for incident energies between $
eV and 1 keV. Surface characterization was performed as a function of incident ion energy and
dose using Auger spectra and work function measurements. A steady state surface coverage is
achieved in all cases for a dose of less than 10'® jons/cm?. The coverage is strongly dependent on
target mass. Beryllium has nearly monolayer coverage at all beam energies, while above 150 eV
molybdenum has less than 50% coverage and tungsten has less than 20% coverage. The minimum
steady state work function at 60% coverage can be achieved on molybdenum and tungsten at 100
and 45 eV, respectively. The effects of hydrogen coadsorption are also examined. The develop-
ment of the surface coverage occurs due to the effects of implantation, reflection, and sputtering.
A Monte Carlo calcufation shows that a surface coverage of cesium on beryllium inhibits
sputtering, which should be true for other light elements.

1. Introduction

It is well known that the work function of a metal is reduced by a partial
coverage of cesium [1-9]. This can be achieved either by vapor deposition, or
by cesium ion bombardment. In applications such as negative secondary ion
mass spectroscopy and surface conversion negative hydrogen ion sources the
ion bombardment method is necessary and/or desirable, and this work was
done to study the build-up and maintenance of the cesium surface concentra-
tion.

In negative secondary ion mass spectroscopy the reduced work function
greatly increases the negatively ionized fraction of sputtered particles, thus
improving sensitivity. To achieve a reduced work function, a cesium surface
concentration must be built up, and this concentration varies with ion dose
and energy. A study of the mechanisms of composite surface formation will
aid in understanding the enhanced yields.

* Present address: EMCORE Corporation, 35 Elizabeth Avenue Sommerset, NJ 08873, USA.

0039-6028 /88 /$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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The typical surface conversion negative hydrogen ion source has a metal
plate immersed in a cesium-hydrogen plasma and biased a few hundred volts
negative with respect to the plasma. Positive hydrogen and cesium ions are
extracted from the plasma and impinge upon the surface, producing a partial
coverage of cesium. Negative hydrogen ions produced at the surface are
extracted from the discharge region. It is desirable to have the minimum
possible work function because this results in maximum negative hydrogen ion
yield [10-14)]. Vapor deposition does not contribute to the surface cesium
coverage since the mean free path of neutral cesium in the plasma is too small
(less than 1 cm) [15). In working converters the surface work function is not
known, and questions arose over whether the minimum work function surface
can be produced by cesium ion bombardment [15,16}.

Presented here are the results of an investigation of the build-up and
maintenance of a cesium surface concentration on beryllium, molybdenum,
and tungsten during cesium ion bombardment. Bombardment energies up to 1
keV were used. It requires a dose of nearly 10'® jons/cm? to reach a steady
state coverage, thus implantation, backscattering, and re-sputtering of cesium
occur. In general, surface concentration is large for light target elements and
becomes smaller with increasing target mass. The lowest possible steady state
work function can be achieved on tungsten and molybdenum at low beam
energy, (45 and 100 eV, respectively). Steady state for beryllium is near
monolayer coverage at all beam energies, but the minimum work function can
be obtained with a smaller dose. For all targets the minimum work functions
occurs at a surface concentration between 1/2 and 2/3, and the values are
1.6 £ 0.1 eV, independent of the target species.

2. Description of the experiment
2.1. General

The general surface analytical system set up is depicted in fig. 1. The view is
from above and down the central axis. The experimental chamber is a UHV
system with all metal seals, incorporating a Perkin-Elmer ion pump with
titanium sublimators and cryopanels. The base pressure is 5 X 10! Torr, and
with all components fully operating it is (2-3) X 107 '° Torr. Shown in the
figure are the cylindrical mirror analyzer (CMA) and the experimental station
containing the work function diode and the cesium ion deposition gun. An
argon ion gun, located at the CMA station, is used to provide ions for sputter
cleaning of the surface and depth profiling with Auger electron spectroscopy
(AES). A helium-neon laser is used to calibrate the work function shifts
measured with the diode. Also shown is the sample handling system, consist-
ing of a carousel and a sample insertion system, permitting sample changes at
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Fig. 1. Vacuum chamber and analytic apparatus.

‘

a chamber pressure below 10~7 Torr. Additional system elements are also
shown in the figure. The experiment and data acquisition is primarily con-
trolled by an Apple II + computer.

1 To study the evolution of a steady state cesium composite surface, the work
function and AES signals are monitored as a function of cesium ion dosage at
a given energy until a steady state is achieved. The dose is determined by
integrating the cesium ion beam current to the target. For each measurement
the surface is cleaned by argon sputtering, then exposed to the desired dose of

]' cesium ions at fixed energy. Then the sample is rotated to the analytic stations

1 and the work function and AES intensities are determined.

2.2. Sample prepcration

The targets are 3 mm diameter discs attached to a threaded rod which

threads into the sample holder, as shown in fig. 2. The threaded rod and

C sample holder have been described in detail elsewhere [17). Polycrystalline
beryllium, molybdenum and tungsten targets are made from material with

i 99.5%, 99.7%, 99.99% purity, respectively (Aesar Inc.). The molybdenum target
,H is made by machining the entire piece from a 3 mm diam:ter rod. The
tungsten target is a disc cut from a tungsten rod and copper brazed onto a

molybdenum post. The beryllium target is sheared from foil and silver-soldered

{ onto a molybdenum post. The samples are polished to a surface roughness of
0.05 pm, verified by scanning electron microscopy. This was done to de-

>
o
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Fig. 2. Sample holder and electron diode. Key components are labelled.

termine the effects of surface roughness which develops due to sputter
cleaning,

The target is cleaned initially, and between measurements by argon sputter-
ing. Using published sensitivities [18,19], AES analysis of clean targets shows
less than 0.07% carbon and 0.3% oxygen on tungsten, 1% argon and 2%
nitrogen on beryllium, and no observable contaminants on molybdenum. Note
that AES analysis showed no copper on the tungsten sample surface and no
silver on beryllium.

2.3. Cesium dosing

The cesium ion source is an ion gun designed and built in house [17,20].
This gun combines the advantages of porous metal ionizers [21,22], with those
of aluminosilicate emitters [23-29], to produce a clean, compact, and efficient
ion gun. A drawing of the assembly is shown in fig. 3. Ions are produced by
thermionic emission from a heated cesium mordenite pellet. The beam is
formed by a Pierce gun [29,30], focused by an einzel lens, deflected by vertical
deflecting plates, and passed through the exit mesh. The deflection is to
prevent light from the filament and neutral cesium from reaching the target,
thus the dose can be determined from the target current. The current to the
target is larger than 1 pA, corresponding to an ion flux of 6 X 10'? jons/cm? - s.
The gun is easily outgassed, and there is no discernible gas load at 10~'° Torr.
After initial break-in the source is normally kept hot (~ 80( °C), eliminating
start up outgassing, and preventing adsorption of contaminants on the gun
assembly. It has been reported that zeolite sources are gassy and easily
contaminated by active gases (7], but this has not proved to be a problem in
this source.
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Fig. 3. Positive cesium ion gun with electrical schematic.

Fig. 3 also shows the electric circuit schematic. For beam energies greater
than 500 eV, gun assembly is grounded to system ground, and the final beam
energy is the source voltage, U in the figure. For beam energies below 500 eV
the source voltage is held at 500 V and the gun assembly is biased negatively
with respect to system ground, so that the beam is decelerated between the
mesh and the target. This method results in more than 1 pA of beam current
to the target for all beam energies greater than 5 eV.

2.4. Work function diode

The retarding field electron diode method is used for monitoring the work
function shifts [31,32]. An electron beam is directed toward a target which is
biased to retard a fraction of the electrons. This bias voltage is proportional to
the work function, thus the work function change after surface treatment is
obtained from the difference between bias values for a fixed retarded fraction.

The entire V-I curve was not determined for each measurement; instead
the bias voltage was kept in the retarding region and the computer acquired
the voltage and current and extrapolated to a reference current, using known
values for the diode characteristic.
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A modified Apex [33] electron gun, shown in fig. 2, was used in the diode.
The lenses were replaced by a drift tube, and the barium oxide cathode was
replaced by a custom fitted tungsten filament, since barium oxide is poisoned
by exposure to atmosphere [34}. In addition, the hot filament is more immune
to adsorbate induced shifts in the cathode work function. The cathode is
normally kept at operating temperature. This prevents outgassing, keeps a
stable work function, and prevents position changes of the filament.

The diode characteristic is governed by the Richardson equation, given by

Joma=AT2 exp[ —e(9, + V.)/kT.], (1)

where A, is a constant dependent on the material. The subscripts ¢ and a
denote the cathode and anode respectively. ¥, is the effective retarding
potential on the anode and ¢, is the anode work function. The quantum
mechanical reflection coefficient is neglected, and the cathode work function is
assumed constant. The beam temperature, T, is determined from two points
on an experimental V-T characteristic [31,32]. Using the subscripts i and f for
the two measurements we have from eq. 1 that

ch=e(Vai_Vaf)/ln(Ii/Il')- (2)

The measured value of T is 2300 K.
Using this value of T, the extrapolation formula is obtained from eq. (2),
given by

eVyo= kT, In(I/I) - eV, (3)

where V, and I are measured values, I, is the reference current, and V,, the
extrapolated bias. The reference voltage for the work function shifts is taken
to be the measured value for the clean substrate.

2.5. Auger electron spectrometer

The Auger electron spectrometer consists of a Perkin-Elmer double pass
cylindrical mirror analyzer with a coaxial electron gun. The spectrometer is
computer controlled, and software provides for energy spectra and simulta-
neous measurement of the time evolution of six Auger peaks. In addition to
the usual lock-in detection the software does signal averaging.

3. Experimental results

3.1. Work function measurements

’

Figs. 4-6 show experimental work function versus dose on tungsten,
molybdenum, and beryllium, respectively, for several beam energies. The

~
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Fig. 5. Work function shift of molybdenum versus cesium ion dose at several beam energies.
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general behavior is that the work function decreases with increasing dose, and
eventually reaches a steady state value. Note that for all curves this is
accomplished with a dose of less than 10'® ions/cm’. Tungsten and
molybdenum show the same general tendencies. At low enough beam energy
the work function passes through a minimum, then increases to reach steady
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work function is higher. On beryllium the work function always passes
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Fig. 6. Work function shift of beryllium versus cesium ion dose at several beam energies.

through a minimum and reaches a steady state value of approximately 2 eV.
Note that the minimum increases slightly with increasing energy.

Fig. 7 shows the steady state work function versus beam energy for the
three targets. The minima for tungsten and molybdenum occur at 45 and 100
eV, respectively. Since the beryllium curves always pass through a minimum,
both the minimum and the steady state work function are shown in the figure.

Since the diode measurements give work function shifts with respect to the
clean target value, additional measurements were used to calibrate the magni-
tude. When the minimum work function is low enough, the photoemission

5
o Cs—Be (0 min.)
:ao & Cs—Mo
4\-eBo ©Cs—W

i !
(] 0.2 04 0.6 08 1.0
INCIDENT Cs* BEAM ENERGY (kev} ’

Fig. 7. Steady state work function of beryllium, molybdenum and tungsten versus incident cesium
energy. The minimum work function on beryllium is also shown by the dashed curve.
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Fig. 8. Beryllium work function shift and photoelectric current versus Cs * dose at 300 eV.

threshold for helium-neon laser light (A = 632.8 nm) may be used to de-
termine a work function of 1.96 eV. Fig. 8 shows a photocurrent calibration
superimposed on a work function shift curve for beryllium. For the case of
molybdenum and tungsten, work function versus cesium coverage by vapor
deposition has been determined [2], and these curves are reproduced in this
experiment by using a beam energy of 5 eV. The magnitude of the minimum
possible work function is approximately 1.6 eV for all three targets.

3.2. AES measurements

AES was used to obtain additional information about the cesium coverage.
Fig. 9 shows typical AES versus dose curves for beryllium and tungsten. The
tungsten data is for 150 eV beam energy: the 179 eV tungsten line and the 563
eV cesium line are shown in the figure. The beryllium data is for 8 and 450 eV
beam energies: the 104 eV beryllium line and 47 and 563 eV cesium lines are
shown. The beryllium and tungsten curves are normalized to signal intensities
for a dose of 10'? ions/cm?.

At steady state the beryllium line is attenuated by 30% for both beam
energies. Using the model given by Seah and Dench [35] this is the expected
attenuation for monolayer coverage [36). Note that the cesium line intensity is
larger at 450 eV than at 8 eV. With an 8 eV beam the ratio of the 47 to 563 eV
cesium lines is 3.0, and with a 450 eV beam the ratio is 2.5. Since the electron
escape depth is energy dependent, the change in this ratio shows that im-
planted cesium is detected after higher energy bombardment. This enhanced
cesium signal is observed above 100 eV beam energy.
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Fig. 9. Auger line intensity versus cesium dose. Circles: 150 eV cesium on tungsten, filled are

tungsten line, open are 563 eV cesium line. Diamonds: 450 eV cesium on beryllium, squares: 8 eV

cesium on beryllium. For diamonds and squares: filled are beryllium line, half-filled are 47 eV
cesium line, and open are 563 eV cesium line.

A curve for tungsten is shown at an incident energy of 150 eV. At steady
state the tungsten intensity is attenuated by 10%, corresponding to a coverage
of 19%. This agrees well with the work function measurements as will be
discussed later. For both molybdenum and tungsten the cesium signal de-
creases and the target signal increases with increasing bombarding energy. It is
important to note that in all cases the line intensities become constant at the
same dose as the work function curves. This is also true for molybdenum, not
shown here.

A depth profile of cesium in beryllium was obtained by recording the Auger
cesium line as a function of time during Ar ion sputtering at 3 keV with a flux
of 1 x 10" of ions/cm? - s. The results are shown in fig. 10. Two curves are
shown, both for 450 ¢V implantation. The open symbols are for a dosage of
2 X 10" jons/cm?, more than enough for steady state. In this case the cesium
signal decreases monotonically with sputtering. The solid symbols are for
4.4 X 10" ions/cn?, on the order of 10% of the dose needed for steady state.
In this case the cesium signal begins at a small value, reaches a peak, then falls
to zero. From fig. 6 it is clear that the work function is essentially the clean
surface value at this dose and energy, so that the observed signal is due to
implanted cesium. The curves shown in fig. 10 are original data, with no
attempt to account for variations in sputter rate due to the change in surface
composition. Similar curves were obtained at incident energies ranging from
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100 eV 10 1 keV. Cesium depth profiles were not obtained in molybdenum and
tungsten since the implantation depths are less than the resolution of the
method in the beam energy range used.

3.3. Comparison of AES and work function data

Fig. 11 shows the steady state coverage derived from the work function
measurements compared to the Auger cesium line intensities for the three

Fig. 11. Steady state coverage derived from work function measurements (open‘symbols), and
cesium Auger line intensity (filled symbols) as a function of cesium energy. Beryllium coverage
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and AES curves (squares) are aligned to the low cesium energy values. Auger intensities are
aligned with coverages at 450 eV for molybdenum (circles) and tungsten (diamonds).
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substrates. The tungsten and molybdenum coverage curves are obtained from
work function measurements by using vapor deposition measurements of work
function versus coverage [2]. The Auger intensity is scaled to coincide with the
coverage at a bombarding energy of 450 eV. The curves for tungsten overlap at
all energies, while for molybdenum there is excellent agreement down to
incident energies below ~ 90 eV. The agreement of the Auger and work
function results indicates that the derived coverage values are accurate. Since
the work function is determined by surface cesium only, and the AES signal
results from all of the cesium within an electron escape depth, the cesium must
reside on the surface.

The steady state work function on the beryllium sample is always essen-
tially that of cesium, so the coverage is taken to be unity. In this case the
Auger line intensity is normalized to coverage at low energy, where implanta-
tion is small. The AES signal increases with increasing energy until it becomes
nearly constant above 150 eV. The increase is attributed to implanted cesium,
which levels off when the implantation depth becomes greater than the
electron escape depth. These results indicate that there is substantial implanta-
tion in beryllium, resulting in a composite layer.

3.4. Effects of hydrogen

In order to study the effects of hydrogen, the work function changes due to
hydrogen adsorption were measured, and the work function changes due to
cesium bombardment with hydrogen present were determined. Fig. 12 shows
work function changes of the clean substrates due to exposure to hydrogen at
room temperature. As shown in fig. 12a, the beryllium work function does not
change after exposure to several langmuirs (L) of hydrogen at 2 X 10~ Torr,
which implies that hydrogen does not adsorb on beryllium. On molybdenum
and tungsten work function increases of 0.3 and 0.4 eV, respectively, are
observed, figs. 12b and 12c, which agrees with other results [37-40]. In both
cases an exposure of less than 1 L is required independent of the hydrogen
pressure. Also shown are the typical work function shifts due to residual gas at
base pressure, which gives an estimate of the contamination time.

Fig. 13 shows work function versus cesium dose on molybdenum and
tungsten for three cases; ambient vacuum, hydrogen exposure after vacuum
bombardment, and bombardment with hydrogen present. The bombardment
in hydrogen was done at a pressure of 7 X 10~8 Torr, corresponding to a flux
of 1x 10" atoms/cm?- s, or a current of 1 wA to the target. This value was
chosen to give a hydrogen dose comparable to the cesium ion beam. The
hydrogen pressure for exposure after bombardment was 2 X 108 Torr (2.9 X
10" atoms/cm’ - s). At very low cesium coverage the clean substrate behavior
is reproduced. For work function shifts larger than 0.9 eV the two methods of
adding hydrogen have opposite effects. Dosing in hydrogen results in a slightly
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lower work function, while hydrogen exposure after dosing results in a slightly
higher work function, in both cases the magnitude is less than 0.2 eV. For
coverage near the optimum (lowest) work function hydrogen decreases the
steady state work function of the order of 0.1 eV, independent of how it is
introduced.

These results agree with vapor deposition experiments by Papageorgopou-
los [5]. He also found that the hydrogen sits beneath the cesium and that
hydrogen does not adsorb on cesium. Hydrogen adsorption on tungsten or
molybdenum results in a dipole layer with the negative pole toward the
vacuum, increasing the work function. Cesium, on the other hand, produces a
dipole layer with the positive pole toward the vacuum, which reduces the work
function. When the hydrogen is beneath the cesium the positive dipole
strength is increased because the cesium is farther from the substrate.

3.5. Effect of surface roughness

Surface structure in the 10 pm range developed on the samples as a result
of the sputtering. We found no difference between measurements on a freshly
polished sample and those on the sample after enough sputter cleaning to
produce the irregular surface. The full development of the structure required a
dose of at least 10'® ions/cm’.

4. Discussion

Since ion—target interactions are due to binary collisions {41], the target to
beam mass ratio is an important parameter. It determines the amount of beam
backscattering and the implantation depth scale. Table 1 shows some of the
interaction parameters for the target materials for a 300 eV cesium energy. The
table shows atomic mass (amu), density (p), and maximum cesium atom
(132.9 amu) deflection angle in a binary collision (a,,,, ). Two estimates of the
implantation depth (D), are given, from LSS theory [41] and from a TRIM
[42] Monte Carlo calculation. Also shown are the backscattering coefficients
(B. the ratio of scattered to incident atoms), from TRIM. the clean surface

Table 1

Cesium-substrate interaction parameters

Element Mass P ally Dyss Drgim B Y 8
(amu)  (g/em’)  (deg)  (A) (A)

Be 9.0 1.85 39 9.7 130 00 0.5 ~10

Mo 95.9 10.2 46.2 45 9.1 0.0 0.5 ~0.32

w 183.0 19.3 180 44 5.0 0.2 0.5 ~013
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Fig. 14. Calculated concentration depth profiles, form ref. [44).

sputtering yields (y, the ratio of sputtered to incident particles), and the
experimental steady state cesium coverages (#). For masses lighter than
cesium there is no backscattering and the implantation depths are relatively
large, while heavier targets have smaller implantation depths and produce
backscattering. Implantation becomes of importance when the implantation
depth is larger than one target layer, 2.0 to 2.5 A. The sputtering yield is 0.5
and the surface density is approximately 2 X 10'> atoms/cm? for all targets,
thus a dose of 10'® ions sputters about 5 layers. Note also that this dose is
equivalent to a fluence of approximately 20 layers of cesium.

There is a smooth evolution to steady state as follows. Starting with a clean
surface, the incident atoms are either implanted or backscattered, and sub-
strate atoms are sputtered. In the early stage there are very few cesium atoms
on the surface, but eventually enough of the target is sputtered to expose
previously implanted cesium atoms, and a fraction of these are also sputtered.
The cesium surface concentration increases until a steady state is reached,
where the net cesium flux to the surface becomes zero. (Backscattered flux
plus sputtered flux equals incident flux.) We have previously developed an
analytical model [43] that gives cesium concentration profiles shown in fig. 14.
The fractional concentration is ¢, x is the depth, D is the implantation depth,
and 4 is the radiation enhanced diffusion coefficient normalized to the
implanted flux. For these curves the target sputter yields was taken to be
unity. The model is a simplification of the approach given by Reynolds et al.
[44].

The actual surface composition is determined by the sputter yields which
are not included in the model. Thus, for example, if there is preferential
sputtering, the model gives the concentration just under the surface, while the
surface concentration is very different.

The evidence of implantation shown in fig. 10 agrees qualltatlvely with the
model, although we have not attempted quantitative comparison of the results
with theory. This would require sputtering coefficients, which are not known
for composite materials. These depend not only on the composition, but also
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on the degree of damage resulting from the cesium ion bombardment. Yields
larger than pure substrate values are expected due to target damage.

The most important factor in determining the cesium coverage is the target
mass. From fig. 11 we have that beryllium (target-to-beam mass ratio of 0.07)
has essentially monolayer coverage, molybdenum (ratio =0.7) has a much
smaller coverage, and tungsten (ratio = 1.4) has about half the coverage of
molybdenum. We attribute the mass dependence of cesium concentration (8)
to variation in backscattering (8) and implantation depth (D), as shown in
table 1.

Beryllium shows a large surface cesium concentration throughout the
energy range used, which indicates that cesium sputtering is suppressed in this
case. We investigated this further using the TRIM program. The version used
allows a layered target, so that 5 A of cesium (approximately 1 layer) was
placed on the surface of a beryllium target. The calculation showed no
sputtering of either cesium or beryllium due to 5000 incident cesium ions. This
has a straightforward explanation as follows. Assume the primary knock-on is
cesium. All subsequent collisions are with beryllium, and from table 1 the
maximum deflection of cesium is 3.9°, thus it cannot be deflected enough to
sputter. In addition, all beryllium atoms in the cascade moving toward the
surface collide with cesium atoms and are reflected, but the energy transfer to
cesium is smaller than the binding energy. When implanted cesium is added,
cesium sputtering does occur, because large angle collisions are possible. This
effect greatly reduces cesium sputtering from beryllium, resulting in high
cesium coverage at all energies.

5. Summary and conclusions

Cesium bombardment produces a steady state coverage which depends on
the target mass. Beryllium is covered by a monolayer at all incident energies,
because sputtering is inhibited. The minimum work function, obtained at
lower dose, increases as the sub-surface cesium concentration increases. The
coverage on molybdenum and tungsten is energy dependent, but the tungsten
coverage is always smaller than that on molybdenum. It is possible to achieve
the lowest possible work function on tungsten and molybdenum at 45 and 100
eV, respectively.

From these results we make some general conclusions. Ion bombardment of
a target leads to a steady state coverage by the beam species which is strongly
dependent upon the target mass. When the target mass is larger than, or the
same order of magnitude as the beam mass, fractional coverage results,
depending inversely on the target mass. When the target mass is much lighter
than the beam, monolayer coverage will occur, because beam-target interac-
tions inhibit re-sputtering of the beam species.
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COMPOSITE SURFACE LAYER FORMATION
PRODUCED BY LOW ENERGY Cs* BOMBARDMENT
. ON: Be, Mo, & W

G.S. Tompa (a), M. Seidl and W.E. Carr

Castle Point Station, Hobokan, NJ 07030, U.S.A.
1 (a) EMCORE Corporation, 111 Corporate Bivd., South Plainfield, NJ 07080, U.S.A.

ABSTRACT

Auger and work function shift measurements have been used to
characterize the formation of a composite surface layer due to Cs
bombardment in the energy range from 5 eV to 1 keV. Steady state surfaces
are produced with dosages less than 10'® ions/em? and the steady state
| concentrations vary significantly between the three substrates at energies
above 50 eV. The surface concentration is governed by dose, incident energy
and substrate mass.

]i - INTRODUCTION

L4

In general, composite surfaces are becoming increasingly important as

. more uses of these surfaces are found. In some cases there are presently no

other ways to form such surfaces except by ion bombardment.. Some surface

' enhancements include changes in the following properties: conductivity,

. catalysis, chemistry, porosity, topology, densification, diffusion barriers,

hardness, structural, optical, wear, corrosion, abrasion, etec.. The

{ production of new alloys is also possible. Reducing the ¢ of a surface

enhances negatively charged particle emission from the surface. The
stability of the surface structures produced vwere also been examined.

The formation of a steady state composite surface prodvced by low energy

ion bombardment of metal surfaces is examined. This experiment was performed

1 to better understand and explain several practical problems associated with

the controlled formation of a composite surface by ion beam deposition (IBD)

{ ang the production and use of low work function "#" surfaces. In particular,

Cs (132.9 amu) bombardment of polycryataline Be (9.0 amu), Mo (95.6 amu)

and W (183.8 amu) surfaces has been studied, providing a range of substrate

to Cs mass ratios from 0.07 to 1.38. We have examined the energy range from

5 eV to 1 keV, covering the transition from essentially vapor deposition to

true low energy ion beam deposition. The composite thin film consists of the

, upper layers of the substrate interacting with the ion beam deposited Cs,

o
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FIGURE 1. Experimental chamber depicting major analytic tools.

both on and within the surface. For the energy range examined, this amounts
to the first 10 to 20 atomic layers. Surface characterization is performed
as a function of incident ion energy and Cs dosage.

In general, a simple sticking and sputtering relationship, not including
implantation, cannot account for the 8teady state coverage. We have seen
that the incident energy, the sputter yields, the amount of implantation and
backscattering of the incident beam along with radiation enhanced diffusion
must all be considered in understanding the surface formed. Depending on the
Cs-substrate mass ratio, implantation and backscattering play the key roles
in determining the concentration of Cs. On Be the formation of a Cs
overlayer acts as a buffer, limiting further sputtering of the substrate. We
have previously presented an analytic model of composite surface
formation[1-3] and the model is qualitatively reviewed here.

A steady state surface is produced with a dose less than 10'®*ions/cm? on
each substrate as determined by Auger electron spectroscopy "AES" and ¢
measurements. The nature of the steady state surface varies significantly
for the subtrates examined. The general functional dependence of the ¢
change with Cs surface coverage is well known[1,2,8]. In the past we have
seen for the energy range examined that the & change is a good indication of
the surface concentrationf1~3]. The minimum & for Cs-substrate systems is in
general seen to be ~1.6 eV. A steady state minimum & surface is obtained on
Mo and W at incident ion energies of ~100 eV(1] and -45 V(2] respectively.
At all incident energies, a large steady state Cs surface concentration is
produced on Be, resulting in a @ that is roughly that of Cs, ~2eV[5). AES
confirms the Cs ¢oncentrations producing the & values or the substrate.

EXPERIMENTAL APPARATUS

The general experimentAL apparatus is depicted in figure 1. The view is
from above and down the central axis. The vacuum chamber is an all metal
seal system, incorporating a Perkin-Elmer TNBX 3001/s jion pump with Ti
sublimators and cryopanels., Post bakeout pressure {s 5x10 '' Torr. With all
components operating an operational pressure of ~-2-8x10 '° is standard. The
cylindrical mirror analyzer "CMA" is a Perkin-Elmer 15-255GAR double pass,
angle resolved and aperture limited. The CMA has an electron gun coaxial
with the cylinder, which {is wused for AES, The Perkin-Elmer 04-303
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FIGURE 2, The work function vs, the Cs ion dose at an incident energy of 300

eV for the three elements.

differential ion gun, located at the CMA station, is used to provide ions
for sputter cleaning of the gurface and depth profiling with AES, Ar,, lons
are typically used. The Cs source, consisting of a zeolite ghermionic
emitter and focusing electrodes, is capable of providing a Cs flux of
~1x10'* ions/cm?-s to the substrate[6,7]. The energy spread of the beam is
essentially thermal, with a small _additional contribution due to aberrations
in the lenses. Adjacent to the Cs gun is the retarding field diode used for
measuring ¢ shifts[8,9]. The electron source is a hot W filament. The
retarding potentis® --eded to stop the electrons is proportional to the ¢.
The ¢ shifts of the Mo and W substrates were calibrated to vapor deposition
measurements{d], the shifts agreed with the clean, minimum and high coverage
® values. The HeNe laser (632.8nm, 1.96eV) was added to calibrate the ¢
shifts measured with the diode on Be. The carousel on which the samples are
placed is also shown along with the sample insertion system. The experiment
and data acquisition is primarily controlled by an Apple II+ computer.

EXPERIMENTAL PROCEDURE

The ® and AES signals are monitored as a function of Cs‘ dosage at a
given energy until‘steady state is achieved. The dosage !s determined by
monitoring the Cs beam current to the target. Before any series of
measurements were taken both methods of AES and ¢ shift were used to
determine the amount of time available to perform a measurement without
contamination. For this system typical times avajilable 1in which a
measurement might be taken were in excess of =600 s, far more than the 100
to 200 s needed to dose a sample and take measurements of it. The
measurements are obtained as follows. The surfage 1s cleaned by Ar
sputtering, then exposed to the desired dose of Cs ions at fixed energy.
The surface conditions are then determined by rotating the sample to the
analytig stations, allowing measurement of aurface properties versus dose,
with Cs beam energy as a variable parameter.
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FIGURE 3. The worlé function versus incident Cs energy at steady state (1016
cesjum ions/cm”) for the substrates examined. The minimum which the work
function passes through before reaching steady state is depicted for Be
and Si by the dashed line curves.

EXPERIMENTAL RESULTS

In this section we present results measyred experimentally. The change
in the three substratea ¢ with increasing Cs ion dosage at an incident ion
energy of 300 eV is presented first, as it most clearly demonstrates the
differences in the # vs. dose curves (hence coverage[1-3]) for the gnergy
range examined. The steady state work function "® " (Cs dosage 101 ions
/cm”) is plotted in figure 3 as a function of incideht Cs ion energy for all
three substrates. The differences in Os are clearly seen in the figure.
Implantation curves are also shown for Be.

The Be curve, in figure 2, demonstrates the general aspect of vapor
deposition curves, the exception being that the doses are larger than vapor
deposition doses at a given shift. On Be, at an incident Cs energy of 8.0
eV the ® decreases, passing through a minimum at 1.6 eV, rises and finally
levels off at about 2.0 eV. The value of 2.0 eV is approximately that of
elemental Cs[10]. The minimum @& is produced at a dosage of ~2.0x10!'"
ions/cm® for the 8.0 eV case, corresponding to a coverage cf ~'/,[5]. At 300
eV a similar curve is produced, but a dosage greater than ~2.0x10'“ ions/cm?
is needed before significant decreases in the & occur., The Be 300 eV curve
reaches a minimum at a dose of ~8.0x10'" ions/cm?, 4x the dose needed at 8
eV, The minimum & produced at this energy is 1.7 eV, Beryllium has a ¢ that
is essentially constant with incident bombarding energy. The &®_ has the
value of ~2.0 eV, In figure 3 the minimum & passed through beforé a steady
state is achieved on Be is indicated by the dashed ‘curve. The minimum
produceable ¢ is increasing with increasing bombarding energy, this is shown
clearly in figure 3. The dose needed to produce both the minimum and steady
state was observed to {ncrease with Increasing bombarding energy. At
incident energies where Cs is implanted in Be, subsurface Cs (~10% by dose)
had little to no effect on o, .

The change in the ¢ of Mo under Cs bombardment as a function of dose at
300 eV shows a striking difference from the Be curve. The curve does not
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FIGURE 8. AES Cs depth profiles into Be for doses giving steady state (open
symbol curves) and less than steady state (solid symbol curve).

pass through a minimum before reaching a &_. Figure 3 shows that only for
incident energies below 100 eV does the ' pass through a minimum before
reaching steady state. At 300 eV the steady state corresponds to a coverage
of ~30%. At increasing incident cs' energies the .s increases but at a rate
noticeably slower than thq; for W.
The & shift due to Cs bombardment of W at 300 eV is different from the
Be and Mo curves. In figure 2 we see that on W a & 1is produced at a lower
dose than on Mo or Be. The ¢ shift is also much™ less than on the other
substrates. At low energy (s45 eV), as shown in figure 3, the &®_rises to a
value approaching that of Cs with decreasing bombarding énergy. The
magnitude of the ®_ shift decreases rapidly with increasing Cs bombarding
energy until reachfng a shift of ~1.3 eV at a bombarding energy of 150 eV,
corresponding to a coverage of about 13%. Thereafter the change in ¢
) | - increases little with increasing energy. 3
- In figure 3 we see for Mo and W that &_ decreases with decreasing
energy, reaching a minimum at 1.6 eV and then rising. That this rise is due
. to large Cs coverage is confirmed by AES. At all energies, for the three
substrates examined a & i3 produced with a Cs ion dosage less than
10'*ions/cm?. 8
’ AES curves (not shown) track the & curves in dose and concentration (at
all bombarding energies examined) to steady state. Not only do the Cs and
j { substrate signals track the & curves, but the substrate signal attenuation
‘ follows the surface concentration. At doses producing a steady state on Be,
the Be AES signal is attenuated by 30%, the amount one would expect for
monolayer coverages. In general for Mo and W increasing the bombarding
energy resulted in decreasing the Auger signal for Cs and increasing that of
Mo or W. We note that for Be, Mo and W the AES signals levrl off at the same
dosage as do the & curves.
{ We have adjusted the AES steady state curves to line up with the
coverage (determined from vapor deposition curves) for Mo and W at a
) - bombarding energy of 450 eV[3]. The W coverage and AES curves overlap at all
energles. For Mo there again is excellent agreement until energies below -~90
eV. At the low energies the AES signal levels out before the coverage. This
is most likely due to the fact that monolayer coverage 1s being produced.

monm
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The agreement between the derived coverage and AES for Mo and W strongly
implies that the Cs resides on the surface for these substrates. On the
other hand for Be, we had no coverage calibration curve except that of our
low energy measurements. It was seen that at increasing energies the curves
did not overlap, the Cs steady state AES signal rose with energy until
leveling off above an incident energy of 100 eV. The increase is attributed
to detection of subsurface Cs, the leveling off is attributable to no
further implanted Cs being detectable due to the escape depth. The high and
low energy Cs AES signals leveled out at different incident energies for Be.
The increase in Cs steady state AES signal and the implantation curves shown
in figure 4 show that the Cs-Be system forms a true composite at all but the
lowest incident energies.

That Cs is implanted in Be for the energy range examined 1is shown in
figure 4 where Cs AES depth pqpriles are shown for two different doses at an
ingident energy of 450 eV. Ar sputtering at 3 keV with a flux of 1x10'* of
Ar /cm?*-sec was used to depth profile into the Be. The open symbol curve is
for a dosage of 2x10'%ions/cm®*, well exceeding that producing a steady
state. In this case the Cs signal is seen only to decrease with sputtering.
The solid symbol curve is a depth profile of a dosage of U4.4x10!“ fons/cm?,
much less than that giving steady state. It clearly shows an increase in Cs
signal before going to zero. At this dose and bombarding energy there is
little change in the & indicating a coverage less than a few percent, much
less than that if the dose were spread uniformly over the surface. Similar
curves could be produced on Be down through incident energies of 100 eV. The
curve is original data, no attempt has been made to adjust the results to
account for changes in sputter rate associated with the change in
composition as the Cs is sputtered away. We were unable to produce curves
showing implanted Cs for Mo or W over the energy range examined.

DISCUSSION

The effects of surface diffusion and evaporation of Cs from the
substrates has been considered and found not to measurably contribute to the
type of measurements made here[2). We have monitored both the AES and ¢
signals in time and have not observed changes associated with surface
diffusion or evaporation for our measurements at room temperature for
perlods in extant of 1 hr. AES and ¢ monitoring of Cs doses equal to and
less than that giving steady state for Be showed no bulk diffusion to the
surface for periods >1 hr,

The target mass is an important factor since it determines the amount of
backscattering and the depth scale for implantation. For target masses
lighter than Cs there {3 no backscattering and implantation depths are
relatively large, while heavier targets give smaller implantation depths and
significant backscattering. Implantation becomes of importance once the
implantation depth is larger than about one layer of the target, =2.T7 A for
Mo or W and ~2.2 A for Be. LSS[11] theory gives a relation between incident
energy and range for low energy ions(less than 10 KeV). We calculated
implantation depths (R) using both LSS range statistics and the TRIM
code[12] for Cs on Mo, W and Be. The implantation depths in angstroms are
presented in table I for an incident energy of 300 eV. Also shown in the
table are TRIM code derived backscatter coefficients (8), the density (p),
sputter yield (Y)[13], the coverage (@), and the maximum forward scattering
angle (a) of the normally incident Cs with the substrate as determined by
binary collision theory.

The formation of the composite surface is governed by the simultaneous
deposition of Cs on and within the surface and by the sputtering of the

— e
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FIGURE 5. The evolution of a composite surrace is shown graphically. a)

instantaneous implantation profile. b) evolution and growth of a composite
steady state layer. c¢) structural dependence of a steady state on the
magnitude of radiation enhanced diffusion.

substrate (including implanted Cs). Reflected Cs does not contribute. With
the sputtering of substrate material, previously implanted Cs is exposed,
this process continues until a steady state is achieved.

The general process is shown graphically in figure 5 a, b and ¢. In 5.a
an instantaneous gausian implantation profile is shown. This profile is what
one would see if the surface is exposed to a dose less than that giving
appreciable surface erosion (due to sputtering) and the energy is 1large
enough for a significant implantion depth. The normalized probability of an
fon being implanted in an interval dx at x expressed in the terms of LSS

theory is[11]):
P(x)dx = {0.57/D}exp{-({x~R}/D)?]dx (1)

where R is the range and D is the deviation. In 5.b we show the evolution of
a composite surface due to implantation and sputtering. As time increases
the implanted concentration increases, but at the same time the surface is
eroded due to sputtering. The erosion rate will in general change with time
(implant concentration) since the implanted species changes the nature of
the substrate. Instead of eroding it is possible for the surface to grow {f
sputtering is low and deposition 1large. Another factor effecting the
implanted concentration distribution is radiation enhanced diffusion "RED".
RED will allow implanted species to penetrate deeper into the substrate than
allowed for by LSS theory. Taking into account RED and the time dependance
of the substrates surface we have written the following expression for the

implanted concentration[3]:

’

[a{c(x)}/dx]{dx/dt] = °°1nP(X)/° ~ ald?{c(x)}/dx?] (2)

where c¢(x) is the fractional concentration of implanted speclies, a 18 the
reflection coefficlent (percent of incident ifons not remaining at the
substrate) and ¢ is the incident flux, p is the substrate density, and &
is the RED coeff?clent. We have evaluated the dx./dt term with regard to
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ELEMENT amu  pig/omd oSidegl LSSRI TRIMAI g v @
Be 9.0 1.85 3.9 97 13.0 0 5 <1
Si 28.1 2.42 12.2 94 16.6 0 .5 -
Mo 959 10.2 46.2 4.5 9.1 ] 5 ~32
Ru 1011 124 49.5 39 5.8 008 - -
w 1839 193 - 4.4 5.0 .20 .5 ~13

TABLE I. Listing of substrate characteristics relative to IBD. The substrate
density op, *the maximum forward scattering angle (a) of the normally
incident Cs with the substrate, LSS implantation depth for Cs at 300 eV,
TRIM code implantation for Cs at 300 eV, TRIM code derived backscatter
coefficients (B), sputter yield (Y)[13], and the coverage (0).

surface sputter erosion and surface growth due to implantation, whence, for
the case of steady state equation 2 may be written[3]:

[A/u¢in}[d’{c(x)}/dx’] = [G(x)-os/u¢1n-1]d{c(x)}/dx = d{G(x)}/dx (3)

where ¢_/¢ is the total sputter flux divided by the incident flux defining
the totfl égutter yleld T, and G(x) = ffP(x)dx. The values used for a, T and
A must be the steady state values. Equation 3 may be solved numerically.
Figure 5.¢ demonstrates the effect of increasing the RED coefficient. The
larger the coefficient, the lower the concentration near the surface and the
tail of the profile becomes more drawn out.

Neglecting diffusion and evaluating for the surface concentration (x=0)
one obtains 1n(1 + a/T), which reduces to a/T in the limit of low surface
concentration{3].

We investigated Cs sputtering of Cs covered Be using the TRIM code. The
version used allows layered targets, so that 5 A of Cs was placed on a thick
layer of Be. The calculation showed no sputtering of either Cs or Be due to
5000 incident Cs ions. This can be understood in terms of binary collision
processes. A Cs primary knock-on is produced, which subsequently collides
only with Be atoms. From table 1, the maximum deflection is 3.9°, thus the
Cs cannot be deflected enough to sputter. Be atoms in the cascade that move
toward the surface collide with Cs atoms and are reflected, transferring
insufficient energy to the Cs atoms for sputtering to occur. It requires
the addition of implanted Cs in order for sputtering to occur.

When jon implantation exists, we find that a composite surface coverage
is formed. Coverages, derived from our & shift measurements by comparison to
# shifts obtained by vapor deposition [4], are in good agreement with AES
measurements. Through depth profiling with AES, we are able to determine
when implantation becomes important. The results have shown the importance
of the incident ion mass to target mass ratio in determining the energy
range at which large coverages of the incident ion species may be produced
on a target material.

The three elements examined all have similar pure element sputter yields
over the range of energies examined[13). High concentrations are produced on
Be due to implantation and little to no backscattering. For W the high
backscattering and limited implantation result in low Cs concentrations. Mo
behaves in a fashion between the low mass Be substrate and the higher massed
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'l substrate. Si with a mass between Mo and Be is presently being examined.
Ru with a mass comparable to Mo and a crystaline structure the same as Be
would also be useful to examine.

This work has been supported by the Air Force Office of Scientific
Research, the Department of Energy and the New Jersey Commission on Science
and Technology.
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BACKSCATTERING OF HYDROGEN ATOMS AT LOW ENERGIES

M. Seidl, W. E. Carr, J. L. Lopes, and S. T. Melnychuk
. Department of Physics and Engineering Physics
Stevens Institute of Technology, Hoboken, NJ 07030

ABSTRACT

Partially cesiated metallic and semiconductor targets have been exposed to
a flux of atomic hydrogen produced by thermal dissociation of hydrogen gas. '
Surface production of negative hydrogen ions and of electrons has been studied.
The energy distribution of the H jions is maxwellian with a temperature equal
to the atomic gas temperature. The H yield increases exponentially with

. inverse temperature and reaches a few percent of the incident atomic flux for a

cesiated (100) n-type silicon target, 0.2 eV temperature and 1.5 kvV/cm
extraction field. Theoretical analysis indicates that the dominant limitation

is trapping of the H ions by the image force. This effect can be reduced by a
large extraction field. ' .

1. INTRODUCTION

Surface production of negative hydrogen ions at escape energies below 1 eV
has not yet been studied in any detail. This is in contrast to many excellent
studies in the energy range above a few electron volts.

Theoretical models [1-5]) have been developed to evaluate the ionization
probability as function of the work function of the metal, the electron
affinity and perpendicular velocity of the atom. Recently the effect of
hydrogen coverage has been studied [6]).

The ionization probability at cesiated metal surfaces was measured by
backscattering protons with incident energy in the 1000 to 50 eV energy range
[7-15). By using glancing angle detection the measurements could be extended
to a few electron volts of H escape energy [9-11,15]. .This seems to be the
lowest energy practically obtainable in positive ion backscattering. The,
technical difficulty of making high perveance ion beams limits the energy of
the incident beam. The fundamental problem related to the effect of parallel
velocity on the ionization probability [9,16) poses a limit on the glancing
angle. _

Low escape energies of H ions can be obtained by cesium ion bombardment
of metal surfaces partially covered with cesium and_hydrogen {17-19). However,
in these experiments the-measured quantity is the H sputter yield and the
,i(onization probability can be obtained only if the total sputter yield is
nown.

Backscattering of thermally produced hydrogen atoms from low work function
surfaces offers a technique suitable for studies of H formation at low
energies. : .

g'rhe observation of H~ ions produced by scattering thermal hydrogen atoms
from a cesiated surface was first reported by Graham (20). Pargellis and Seidl
{21) measured the yield of H ions and electrons when thermal hydrogen atoms
were incident on a thick cesium target. '

In this work we have studied backscattering of hydrogen atoms from
cesiated polycrystalline molybdenum and n-type (100) silicon targets. . We have
measured the energy distribution of the H ions and the average ionization
probability. The theory of Rasser et al [3) has been modified to include time
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dependence of velocity and compared with the experiments. The dominant effect
is trapping of the H ions by the image force. However, because of the absence
of positive ions, a large extraction electric field can be applied to partially
compensate the image force and thus increase the H yield.

2. EXPERIMENTAL APPARATUS

The experimental apparatus is schematically shown in Fig. 1. It consists
of a planar diode and a rotating magnetic sector mass spectrometer.

The cathode of the diode is a cooled molybdenum plate into which various
targets can be mounted with good thermal contact. The anode is a fine tungsten
mesh (180 wires per 2.54 cm with 20 um wire diameter) placed 2-4 mm from the
cathode. The mesh is heated up to 2000°C by passing current through it.
Hydrogen gas admitted into the chamber is dissociated on the hot tuegsten mesh2
which provides a source of atomic hydrogen of flux density up to 10°" atoms/cm
sec and in a temperature range of 1400°C to 2000°C. Cesium vapor is produced
in a small oven and is directed into the diode through a manifold. Some of the
cesium vapor condenses on the cathode surgace and some cesium is surface
ionized on the hot tungsten mesh. The Cs™ ions are accelerated onto the
negatively biased cathode. The cst current density is monitored by two Cs
Faraday cups facing two 0.631 mm-diam holes drilled in the Mo cathode. Cesium
coverage is controlled by the oven, cathode and mesh temperatures. The work
function is monitored by the photoelectron current produced by a HeNe laser
beam.

A small sample of the negative hydrogen ions and electrons produced on the
target passes through a 0.631 mm-diam aperture and enters the diagnostics
region. When the Faraday cup is rotated out of the beam path, the rotating
magnet is used to measure the angular dependence of the particles. The angular
resolution of the measurement is about 0.5°. The detection system accepts all
particles emitted in a cone of 14° half angle.

- In this work we have investigated the following two target materials:
a) Cesiated polycrystalline molybdenum (minimum work function 1.6 ev [22]) and

b) Cesiated single crystal (100) silicon n-type doped (minimum work function
1.45 ev {23)). -

3. EXPERIMENTAL RESULTS

The basic operation of the experiment is as follows: First the mesh
temperature, hydrogen pressure, and cathode-anode voltage are selected. Then
the optimum cesium coverage of the target is obtained by varying the target
temperature and the cesium oven temperature. The work function is monitored by
the photo-electron current produced by the He-Ne laser beam (photon energy 1.96
eV). Fig. 2 shows that the maxima for the photo-electron current and H ion
current occur at the same target temperature. This confirms the fact that
maxismum H production occurs at minimum work function.

The flux density of atomic hydrogen produced by the hot tungsten mesh is
calculated from the theory of Hickmott [24]. The rate of evaporation of atomic
hydrogen from a hot tungsten surface (T > 1100°K) immersed in hydrogen gas of
room temperature is given by the equation :

2 172 '
L ke Ry (K, + 4 4(8,) 5 k)12 k, (1)
ky = 2.2 x 10" exp - (67,000/8T) (2)
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k, = 5 x 107> exp ~(31,000/RT) (3)

S = 0.05 is the sticking coefficient of molecular hydrogen onto tungsten, and
¢(H,) is the impingement flux density of molecular hydrogen. The impingement
£1u§ density of atomic hydrogen‘ on the target is calculated by the formula

¢(H) = k, n (1-t) ) (4)

where t = 0.733 is the transmission coefficient of the mesh. ¢&(H) is plotted
in Fig. 3 as function of H, pressure for several mesh temperatures. It may be
noted that ¢(H) is almost Btoportional to the hydrogen pressure indicating that
atomic hydrogen desorption is supply limited for the low pressures and high
temperatures used in this experiment. Also plotted in Fig. 3 are curves of
measured H current densities. It can be seen that they are parallel to the
gorresponding ¢(H) curves, a fact: that strengthens our confidence in Hickmott'’s
ormulas.

Angular dependence of H current density has been measured with the
rotating magnet. Fig. 4 shows three distributions corresponding to three
different mesh temperatures. The exit angle 6 of the H ion is related to the
parallel energy E, at the surface of the target by the equation

where U is the accelerating voltage applied between the anode and cathode.
Using this equation the angular distribution can be converted into parallel

" energy distribution. Fig. 5 shows two such energy distributions corresponding

to two different mesh temperatures. The H ions have clearly a Maxwellian
energy distribution with a temperature equal to the mesh temperature. Since
the target is approximately at room temperature, this result shows that the
fast hydrogen atoms are reflected from the Jtarget in elastic collisions.

Figure 6 illustrates the effect of Cs' ion bombardment on the energy
distribution of H ions. In this experiment all the parameters (including the
work function) were kept constant except for the Cs’ ion bombardment current
density. The H ion distribution consists of two Maxwellian distributions
produced by hydrogen backscattering (T = 0.16 eV) and sputtering by Cs™ ion
bombardment (T = 3 eV).

We define the negative hydrogen yield as

B = ¢(H )/ (H) (6)

where ¢ (H™ ) is the measured flux density of H ions and ¢(H) is the flux
density of the incident hydrogen atoms calculated from eqn. (4). The yieldp
is also the ionization probability averaged over the Maxwellian distribution of
the incident atoms. Fig. 7 shows the yield as function of inverse temperature
for the molybdenum and silicon targets. The yield depends exponentially on the
inverse temperature, § -~ exp (-const/kT). This expression can be justified
theoretically, as shown in the next section. The yield from the silicon target
is about 3 times larger than the yield from the molybdenum target. This is
attributed to the lower work function of the cesiated silicon._ Only a small
fraction (one percent) of the incident atoms is reflected as H ions. The
remaining atoms are either reflected as neutrals or are trapped as negative
ions near the surface of the target as discussed in the next section. The
trapped ions eventually recombine into hydrogen molecules or chemically react
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with the target. These reactions are accompanied by electron emission._
Pargellis and Seidl [21] observed about 100 times more electrons than H ion in
backscattering hydrogen atoms from a thick cesium target (work function 2.1
eV). In ‘the present experiments the electron current is of the same order of
magnitude as_the H current.

The H yields in Fig. 7 were obtained with a small anode-cathode
voltage. Fig. 8 shows that the logarithm of the yield increases with the
square root of the electric field E. This is a typical Schottky effect
dependence [25]. It may be noted, however, that the slope of both curves is
about 8 times larger than expected from the standard Schottky formula

I(E)/I(E=0) = exp (3.79 x 104 VE/T) (7
where E is in V/cm and kT = 0.16 eV is the temperature of the H™ ions.
4. THEORY

In this section we describe a Monte Carlo calculation of negative ion
formation and survival at large distance for incident thermal atoms. This was
analyzed previously [2,3) for atoms with constant perpendicular velocities,
corresponding to hydrogen beam reflection experiments [7-15}. 1In our
experiment the incident atoms are thermal at a few tenths of an eV, and it is
important to include the change in velocity as an ion moves away from the
surface.

The potential energy of the negative ion is essentially determined by
the image charge and is given by;

2
e 1

where the screening distance, b, is taken to be 3.2 Bohr radii [15]), and the

binding energy of the second electron for an isolated ion, A is 0.75 eV. This
holds for z not too close to the surface. Figure 9 shows the potential given by
(8) as a function of distance from the surface. Note that this potential is
used for two purposes. It determines the crossing distance, Z_, where the
potential energy is equal to the work function, W, which is ufed in determining
the charge state of a fixed ion. In addition, eqn (8) is used via energy
conservation to determine the change in perpendicular velocity of an ion as it
moves away from the-surface.

Also shown'in Fig 9 is the Schottky effect, obtained by adding a term
-E z, where E is the extraction field. The Schottky field increases the
crossing distance and decreases the potential barrier for ions.

Since the atom thermal energies used in the experiment are smaller than
the depth of the potential well, most of the atoms that are ionized near the
surface will not have enough kinetic energy to escape. Thus, slow ions produced
near the surface are trapped.

Next, we extract the essential features from the probability model (3].
The motion of the atom is treated .lassically, so that the quantum electron
dynamics are calculated at fixed position. There are two quantities that are

‘needed. First, the charge state of an atom at a fixed distance, z, has been

determined {15}. For cesiated metal with a 0.5 monolayer hydrogen adsorption
the probability that the atom is a negative ion is very near unity inside the
crossing distance, and very near zero outside. This is not unreasonable, since

for z < z, electron transfer is only from filled states below the Fermi level

wn




U P

to the atom, and for z > z_ electron transfer is from negative ions to vacant
states above the Fermi levEl.

Second, the electron transition rate, w(z), between the atom and the
solid is given, for distances not too close to the surface, by {6];

‘w(2) = wy exp(-az) . (9)

where z is the distance from the surface, and w, and a are constants. For 3
cesigted surface with 0.5 monolayer adsorbed hydrogen the values are wg=10
sec ~, and a=0.6 Bohr radii (6]).

Using these ideas the ionized fraction may be estimated by the rate

equation given by;

git’ =wlz) (0(z-2) -P) (10)

where P is the probability that the atom is a negative ion. @(z) is the charge
state of a fixed atom, approximated in this case by the Heavyside step
function. In previous work [3] (10) was integrated using a constant velocity,
which is reasonable if atom kinetic energy is larger than the height of the

potential barrier.

We have integrated the rate equation, (10) using the potential given by
(8) to determine the kinetic energy at each point, with the results shown in
fig 10. This shows the probability of ionization as a function of distance for
several initial energies. Those with the smallest energies have a very high
likelihood of being ionized because they spend a long time near the surface,
but they do not have enough kinetic energy to get over the potential barrier.
The atoms with just enough energy to escape are slow and are likely to be
ionized, but they are also likely to be neutralized outside Z.. The faster ions
have lower probability for ionization. Note that these curves- are only
approximate, since the kinetic energy changes with distance only for an ion,
and the point of ionization is a random process.

The Monte Carlo calculation determines the ionized fraction of a thermal
distribution of atoms as follows. An atom is placed near the surface and
assigned an initial speed, u, from a Gaussial random number generator with the
appropriate spread. This atom is moved in constant steps, dz. At each step R is
assigned from a uniform random number generator in the interval (0,1), and if
R < w(z) dz/u then ionization took place. Once ionized, it is assumed that the
atom cannot be neutralized inside z_ since there are no vacant states in the
solid. The ion is then moved to z_ Snd the kinetic energy is reduced by the
change in potential energy. If thé resulting kinetic energy is negative the ion
is counted as trapped. Atoms that reach z, without being ionized are counted
as escaping atoms.

Ions that reach zZ, untrapped are moved in steps of dz, but the
expression R < w(z) dz/u~is used to determine whether the ion is neutralized.
Those that are neutralized are counted as escaping atoms. Slow enough ions can
be trapped outside z_, and these are added to the trapped count. Finally, ions
that survive at a lafge distance are counted as collected ions.

Figure 11 show the ionized fraction and the neutral fraction as a :
function of inverse temperature for several values of the work function. Since
the sum of ionized, neutral, and trapped fractions is unity, it is clear that
the trapped fraction is large. The dependence of the ion fraction on
temperature and work function is in good qualitative agreement with the
experimental results.
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This simple model works reasonably well because it is in effect an
integration of a stochastic process, so that the important quantities are: the
scale length for electron transitions, the crossing point, and the ratio of the
temperature to the image potential well depth. The Schottky effect can also be
incorporated into the model, and this is currently being carried out.

5. CONCLUSIONS

a) An atom produced on the surface of a solid by atomic collisions
(reflection or sputtering) has in the average the same parallel and
perpendicular initial velocity in all but a few exceptional cases. In
consequence, the parallel temperature of surface produced ions is approximately
equal to their average perpendicular enetgy, T < E,, < E, .

b) The yield of negative hydrogen ions proéuced‘by reflection of
thermal hydrogen atoms from cesiated surfaces depends exponentially on the
inverse ion tempeg,ture according to exp{- const/T). The highest measured
yield is 2.5 x 10 ©“ at T = 0.19 eV and for low extraction fields. Theory
indicates yields in excess of 0.1 for T = 0.5 eV, work function 1.2 eV and low
extraction field.

c) Analysis indicates that the basic limitation of H production at low

- temperature is trapping of the H ions by the image force. Large extraction

field can partially compensate the image force and thus increase the yield.
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Cesium and hydrogen adsorption on beryllium clusters containing 19, 33 and 45 atoms are
studied using restricted Hartree-Fock (RHF) calculations and ab initio relativistic effective core
potentials. The Be clusters are taken as cylindrical plugs from a Be metal wafer. Be-Cs and Be-H
internuclear distances are optimized, while Be~Be internuclear distances are frozen at the bulk
metal values. For each system, numerous low-lying electronic states are investigated. The calcula-
tions are carried out in the context of an experimental study to determine the effects of Cs and of
H adsorption on the work function of Be metal. Auger electron spectroscopy and experimental
work function measurements indicate that H, does not adsorb on polycrystalline Be, while
photoemission and thick Cs overlayer measurements show a 2.3 eV lowering in the work function
of Be metal upon Cs adsorption. RHF calculations indicate that Be,y, with three layers of atoms,
is too small to adequately model the Be surface. Calculations on Bes,, a five-layered system, and
Be,s, a seven-layered system, show that H does not chemisorb on the surfaces of these clusters,
whereas Cs does and lowers the ionization potential of Be,; by 1.5 eV. The emitted electron from
the Be;;Cs, cluster vacates a molecular orbital which is localized in the surface layer.

1. Introduction

It is well known that adsorption of cesium on a metal surface lowers the
work function of that metal [1,2). In particular, the reduction in the work
function of beryllium arising from cesium adsorption has been the focus of a
very recent study [3]. In the present work, cesium and hydrogen adsorption on
a beryllium surface are studied using ab initio quantum mechanical calcula-
tions. H, adsorption on polycrystalline Be is also studied by monitoring the
work function and the Be (104 eV) differentiated Auger electron signal
intensity.

* Current address: EMCORE Corporation, 35 Elizabeth Avenue, Somerset, NJ 08873, USA.
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190 M.M. Marino et al. / Hydrogen and cesium on Be clusters

Theoretical studies of the adsorption process yield detailed information
about the metal surface which is not easily obtained experimentally. For
example, results related to charge distributions and orbital structure are
calculated. Many such studies have used clusters as models of the surface
[4-7). A good model of the adsorption process, however, requires the use of
clusters large enough to accurately describe the metal surface and its interac-
tion with the substrate, while remaining small enough for application of
accurate theoretical methods. In this study, the clusters are taken as cylindrical
plugs from a Be wafer having Be-Be internuclear distances equal to those in
the bulk hcp metal. Larger spherical clusters were the focus of recent studies
[8]- The use of effective core potentials to describe the core electrons in cesium
and beryllium allow the calculations to remain tractable while maintaining a
well-defined level of theory. The complexity of the calculations is simplified
further by preserving full D,, point-group symmetry in each cylindrical
cluster.

2. Methodology
2.1. Theoretical model and calculations

The model systems are taken as cylindrical “plugs” from Be wafers having
surfaces corresponding to the (0001) hcp metal faces. A view of this wafer
along the c¢ direction is illustrated in fig. 1. Table 1 defines all the cylinders of
a given radius which may be formed from a wafer of a given thickness. In this
study, three such cylinders are treated. The first has a thickness of three layers
and is comprised of 19 Be atoms; the second is five layers thick and contains
33 Be atoms, while the third contains 45 atoms and seven layers. All three
cylinders have a radius R; which includes a one-unit cell step along the a
direction. Be-Be internuclear distances are equal to those in the bulk hcp
metal (a=2.29 A, ¢ = 3.58 A)[9]. The resulting cylinders have D, point-group
symmetry, and the adsorption of atomic hydrogen, one on the top surface and
one on the bottom surface of all three cylinders, is modeled such that the
three-fold symmetry is preserved. The same applies to the adsorption of
atomic cesium. In all cases, the Be—adsorbate internuclear distances have been
optimized in self-consistent field (SCF) calculations. The 19- and 33-atom
cesiated and hydrogenated cylinders are shown in figs. 2 and 3. The 45-atom
cylinder is not shown, but it is similar to the one picture in fig. 3, except that it
contains seven layers instead of five, and the two surface layers are identical to
the surface layers of Be,q (fig. 2). Results obtained using these systems are
compared to those calculated by treating identical bare Be cylinders.

Calculations were accomplished on a Cray X-MP supercomputer using
programs based on the “equal contribution theorem” for two-electron in-
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VA
Fig. 1. A view of bulk Be metal along the ¢ direction. Nuclei are situated at the apices of the
hexagons. as well as at their centers. Layers represented by dashes lie at ¢/2 on the ¢ axis (see
table 1.)
tegrals [10]. Ab initio restricted closed-shell and restricted open-shell
Hartree~Fock calculations, each corresponding to an average energy of con-
figuration, were carried out on numerous low-lying states of each cluster. (The
Table 1
Be clusters by coordination cylinder and hcp layer
Cylinder height Ry R, Ry=a R,
( z-coordinate)
+ooc/2
3¢/2 0 3 3 6
¢ 11 11 77 77
c/2 000 333 333 66 6
0 1111 111 1 7777 7T 77
-c/2 000 333 333 6 6 6
-c 11 i 11 77 77
-3¢/2 0 3 3 6
—o00c/2
No. atoms 1133 17915 7132731 7193345
1
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Fig. 2. Be;yX,, X = Cs, H. Fig. 3. Be;; X,. X =Cs, H.

average energy of configuration is defined as the weighted mean of the
energies of all the multiplets for the configuration.) The largest clusters
required about one hour of Cray X-MP time for each geometric orientation.
The following basis sets of contracted Gaussian-type functions were used for
beryllium, cesium and hydrogen, respectively: (3s2p)/{2slp] [11], (5s5p)/[3s2p]
(12}, and (4s1p)/[2s1p] [13]. Ab initio effective potentials (EP) [14] were used
to represent the 1s core electrons on Be {11] and the 1s-4s, 2p-4p, and 3d-4d
core electrons in Cs [12]. In the case of Cs, relativistic effects were incorpo-
rated into the EP {14). Binding energies calculated relative to the completely
dissociated clusters are given in table 2. (Valence SCF energijes for atomic Be,
Be*, Cs, Cs*, H and H™ are —0.95083, —0.65457, —19.84225, —19.72876,
—0.49928 and —0.44815 hartrees, respectively, for the basis sets used in this
study.) The total adsorption energies given in table 2 for the cesiated and
hydrogenated clusters were calculated relative to the SCF energies of the
naked clusters plus that of two adsorbate atoms.

Theoretical work functions are given in table 3. The first values in each row
were calculated as the difference between the total valence SCF energy of a
neutral cluster and that of the ion generated by removing one electron from
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Table 2
Restricted Hartree—-Fock energies of states of Be,, and Be,, X, clusters
Cluster Occupied MO's ¥ Cluster Total
2] a: a’ o o ar BE adsorption energy
(kcal /motl) (kcal /mol - atom)
Be,, ™ 4 1 3 4 2 0 325.25
[Beysl” 4 0 3 4 2 0 294.70
Be,oCs, 6 1 5 5 3 0 402.99 38.87
[BeoCs, ) 6 1 5 5 3 0 405.37
Be H, ™ 4 1 3 4 2 1 393.76 34.25
[BeyoHL 1" 4 1 3 4 2 0 579.66
Be 6 1 5 6 4 1 724.94
{Bes]” 6 1 6 6 4 1 815.76
Be,,Cs. ™ 8 1 7 7 6 1 768.46 21.76
[Be:Cs,)° 8 1 7 7 6 1 779.74
Bey H, MO 7 1 5 6 4 1 727.32 1.19
[BeyH.1" ™ 7 1 5 6 4 1 818.70
Beg, M R 2 7 8 6 2 1078.74
(Beys]™ 8 2 7 7 K 2 1196.77
Bey H. MM 8 2 7 8 6 2 1115.07 18.16
[BegH, )" 8 2 7 8 6 2 1228.41

"' Entries correspond 10 1otal number of occupied MO's of each entry. Bold numbers denotes
orbital from which the electron was removed.

" State corresponds to the weighted average of configuration.

*' Open-shell state: (a%)'(a¥).

4 Open-shell state: (a3)'(ay)".

" Open-shell state: (¢”)°.

"' Open-shell state:( (a;)'(a¥)'.

1 Open-shell state: (a)'(e’)".

" Open-shell state: (a5)'(e”)".

the highest occupied orbital of that cluster. The values immediately following
are due to Koopmans’ theorem and correspond to the negative of the energy
of the molecular orbital (MO) from which the electron was ionized. Experi-
mental values obtained as discussed below are also shown.

Atomic net electron charge values are given in tables 4-6, as calculated
using a Mulliken population analysis {15]. Values of R appearing in these
tables correspond to optimum atom-to-surface distances. These distances were
calculated from the minimum of a curve fit to SCF energies for three or more
distances.

2.2. Experimental procedure
Experimental measurements were performed in an ultrahigh vacuum system

with a basc pressure of 5 X 10 "' Torr, Pressures were monitored with a nude
ionization gauge whose controller allowed calibration for H,. The general
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Table 3

Work functions of Be,, and B, X, clusters

Cluster ¢ (eV) ®
Be,, 5.35,5.04
Be,,Cs, 3.41.299
Be,oH, 4.30, 3.96
Be;, 441,411
Be;;Cs, 2.92,2.60
Bey,H, 437,409
Bey, 3.16,2.94
BeysH, 3.40, 3.15
Be (expt) 392
BeCs (expt) ™ 1.6

BeH (expt) 392
A¢[Be,y—Be,yCsa] © 1.94, 2.05
A¢[Be,y-Be,oH,l 1.05.1.08
A¢[Be;;-Be,;Cs, ] Y 1.49,1.51
A¢[Be,;;-Be; H, 19 0.05, 0.01
A¢[Beys~BysHy ~0.24, -0.21
A¢[Be-BeCs].p 23
A¢(Be-BeH), . 0

* Where two values appear, these are Koopmans® theorem and » Eg. values. respectively.
™ At optimum Cs coverage.

¢! Values correspond (o a work function lowering.

4 Values correspond to a work function increase.

experimental apparatus was described previously [3.16]. The sample was
mounted on a carousel that allowed rotation to either a retarding field electron
diode station {17.18), where work function shifts were measured, or to a
cylindrical mirror analyzer station having a center-mounted electron gun with
which Auger electron spectroscopy (AES) measurements were made. A sputter
ion gun was co-focused onto the sample with the AES system and was used to
sputter clean the surface.

AES showed that no O or C contaminants were present after sputter
cleaning. The only contaminants present were Ar (< 1.1%) and N (< 2.4%).
and these were due to the sputter cleaning. After cleaning, AES and work
function shifts indicated the Be surface to be free of contaminants for a period
in excess of one hour.

The experimental procedure was as follows. The sample was first sputter
cleaned. H, could be introduced into the system at any time before, during or
after sputter cleaning. Cs was deposited onto the surface from a low-energy Cs
(5 eV) source [3] before or after sputter cleaning at a separate deposition
station adjacent to the work function station. The Auger signal was generally
monitored during cleaning. After cleaning, the Auger signal either continued
to be monitored or the sample was rotated from its position facing the
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AES/sputter cleaning station to a new position facing the work function
diode, thus allowing the work function shift to be monitored. The reposition-
ing was accomplished in approximately twenty seconds.

3. Results and discussion

Total adsorption energies for the cesiated and the hydrogenated clusters
appear in table 2. As was previously mentioned, the energies were calculated
relative to the total SCF energies of the naked clusters plus that of the two
adsorbate atoms in their ground states. These energies are 38.9, 21.8, 34.3, 1.2
and 18.2 kecal /mol - atom for Be 4Cs,, Bey;,Cs,, Be;gH,, Be;H, and BeiH,,
respectively. For Be,yCs, dissociation to Bejy + Cs™ + Cs requires 58.9 kcal /
mol - atom. Dissociation of Be,yH, to yield Bes, + H+ H and Be;; + H+ H™
requires 108.6 and 175.3 kcal / mol - atom, respectively. Dissociation of Be;;Cs,
to Bey; + Cs + Cs™ needs 49.4 kcal/mol - atom. Energies of 149.8, and 64.6
kcal/mol - atom are needed to dissociate Be;;H, to Bej; + H+ H™ and Bey;
+ H + H™, respectively. Finally, the dissociation of Be,sH, to yield Bejs + H
+ H™ and Be, + H+ H"' requires 68.1 and 150.12 kcal / mol - atom, respec-
tively. Therefore, the lowest-energy dissociation himit is of the form Be, + 2X,
where X is an adatom in the ground state. This procedure will be named
method 1. There are two alternative ways of calculating the adsorption energy,
methods 2 and 3. Method 2 involves calculation of the adsorption energy
relative to the total energy of the lowest electronic state and MO configuration
for the equilibrium geometry of the cluster-adsorbate system and the same
electronic state for a cluster-adsorbate separation of approximately 10 A,
which is taken as infinite separation. This method assumes no crossings among,
electronic states.

For Be,Cs,, Be,;Cs,. BegH, and Be,H,. this assumption leads to
sizeable errors. In these cases, the lowest energy electronic state corresponding
to the calculated equilibrium geometry is not the lowest energy state calculated
at infinite cluster-adsorbate separation. This method yields adsorption en-
ergies of 53.7. 56.3, 136.4 and 177.0 kcal/ mol - atom for Be,,Cs,, Be,;Cs.,,
Be,,H, and Be, H . respectively. Clearly, method 2 overestimates the adsorp-
tion energies of Be,Cs,, Be;;Cs,. Be,yH, and Be,H, (by 14.8, 23.8. 102.1
and 158.8 kcal/ mol - atom, respectively. relative to method 1). No electronic
state crossings were found for Be,,H,. However. the ground state of Be;;H, is
open-shell and nearly degenerate (0.01 eV lower in energy) with a closed-shell
state that is 3.65 eV higher in energy at dissociation than the g ound state.

Method 2, the second alternative method for calculation of the adsorption
energy, involves taking the energy difference between the lowest electronic
state of the cluster—adsorbate system at equilibrium and the lowest electronic
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state of the same system at a cluster-adsorbate separation of approximately 10
A. This method vielded adsorption energies of 43.8, 36.8. 99.0. 47.1 and 64.2
kcal/mol - atom for Be yCs,. Be;;Cs,. Be;yH,. Be;;H, and Be, H.. respec-
tively. Relative to method 1. this method overestimates the adsorption energy
of Be,Cs,. Be;:Cs,. BeyH,. Bey;H, and Be,H, by 4.9, 15.0, 64.7. 45.9 and
46.0 kcal,/mol - atom. respectively. No electronic state crossings were found
for Be.;H.. Consequently., methods 2 and 3 yield the same value of the
adsorption energy for this cluster. Ideally, methods 1 and 3 should agree.
provided that the lowest energy electronic state at both the equilibrium
geometry and at infinite cluster—adsorbate separation has been found.

There are several problems inherent in using method 3. First of all, the
calculations presented here al! involve restricted Hartree—Fock theorv. which
is not generally accurate for the description of systems having geometries far
from equilibrium. As was previously stated. method 3 requires calculation of
the total energy for the system at a cluster—adsorbate separation of approxi-
mately 10 A. Inspection of the gross atomic populations (GAP) for Be,,Cs. at
this distance reveals improper dissociation to neutral atoms. The GAP of
cestum for this syvstem should be 18, 9 electrons per Cs atom. In this case. the
GAP is 17. with approximately 1 /2 electron from each cesium 6s orbital being
donated to the cluster. There should be no such ionization at this cluster-ad-
sorbate separation. unless an electron is transferred from Cs to Be upon
dissociation. vielding Be,, and Cs+ Cs’. However. dissoctation to these
species requires 40.1 keal /mole more energy than dissociation to Be,, + 2 Cs,

RHF calculations predict a net energy gain of 18.2 and 1.2 kcal /mol upon
hvdrogen approach to the Beyc and Be,, surfaces. respectively. The approach
of hvdrogen on the Bey, surface. on the other hand. results in an energy gain
of 34.3 kcal /mol. Cesium adsorption on both the Be,, and Be,, surfaces vields
energy gains of 38.9 kcal/ mol - atom and 21.8 kcal / mol - atom. respectively.
Therefore. while cestum is predicted to adsorb on both Be |y and Be,, (i.e. at a
hole and at a head-on site) at the SCF level of theorv. hvdrogen adsorbs
strongly on Be,, and appears to adsorb moderately on Be,. (i.e.. at a hole «ite)
but only neghgibly on Be., (i.e.. at a head-on site).

Table 3 contains calculated values for the ionization potentials of all the
clusters studied. as well as values for the shift in ionization potential (A¢)
resulting from Cs or H adsorption. Experimentallv determined values of the
work functions due to Cs or H, adsorption on Be metal are also included.
Results for the Be,. svstem indicate a slight rise by 0.2 eV in the 1onization
potential of the cluster due to H adsorption. while results for the Be,, svstem
indicate a lowering by 1.5 eV in the ionization potential of the cluster due to
Cs adsorption. and no lowering due to H adsorption. The experimental
findings are 2.3 and 0.0 ¢V lowering in the work function of Be metal due to
adsorption of Cs and of H,. respectively. Adsorption of Cs and of H on Be,,.
however. results in 1wnization potential lowerings of approximately 2.0 and 1.0
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Table 4
Electron populations of Be,y. Be;yCs, and Be,gH,
Cluster z-coordi-  Atom  No. Net charge per atom Total net charge
nate % label  atoms ™ difference

Cluste Cluster] *
uster  [Cluster] ([Cluster]* — Cluster)

Be,y 0 BeO 1 1.43 1.41 -0.02
¢/2 BeA 6 -008 007 0.06
c/2 BeC 6 -0.09 0.00 0.54
0 BeB 6 -0.07 0.00 . 042
Be,yCs, O BeO 1 1.36 1.35 -0.01
¢/2 BeA 6 -005  -0.07 ~-0.12
c/2 BeC 6 -017 —-o011 0.37
0 BeB 6 -014  —0.07 0.43
R® Cs 2 0.39 0.55 0.33
Be,,H, 0O BeO 1 1.38 1.33 -0.05
c/2 BeA 6 -016 —0.15 0.06
/2 BeC 6 —-0.06 0.07 0.78
0 BeB 6 -0.02 0.01 0.18
RY H 2 0.04 0.05 0.02
=358 A,

™ Number of symmetry equivalent atoms.
“Y R =3.70 A for Be plane to Cs distance. (Be to Cs distance is 3.93 A.)
4 R =0.85 A for Be plane to H distance. (Be to H distance is 1.57 ;\.)

eV, respectively. Although the first value is in close agreement with experi-
ment. the second is not.

These discrepancies are explained using the electron populations listed in
tables 4 and 5. In the case of Be,, total net charge differences indicate
participation in charge redistribution by both the surface (BeC, z-coordinate
=c¢/2) and middle (BeB, z-coordinate =0) layers upon ionization of the
cluster. In Be,,, ionization of the cluster results in a contribution of 0.4
electron from Be atoms (BeB) in the middle layer compared to 0.5 electron for
Be atoms on the surface. Thus, the middle and surface layers of the cluster are
involved almost equally in the electron ionization process. For Be4Cs,. both
the surface (BeC) and middle (BeB) layers contribute 0.4 electron, while Cs
donates 0.3 electron. Since electron emission is from the surface of the bulk
metal, it is concluded that Be,, is too small a cluster to model the Be metal
surface involved in Cs adsorption.

On the other hand, the middle layer of Be,qH, contributes 0.2 electron,
with the surface layers (BeC) being predominantly involved in ionization. H
donates only a minimal amount (0.02) of charge. Part of the charge contrib-
uted by the middle (BeB) layer is shifted toward the BeC group of atoms in
BeyH,. Since the greatest charge perturbation occurs on the surface, this

@3‘2 -
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Table 5
Electron populations of Be,;, Bey;Cs, and BeysH,
Cluster z-coordi- Atom  No. Net charge per atom Total net charge
nate * label atoms ™  S———————= (difference
Clust Clust
uster - [Cluster}”™ Cluster] * ~ Cluster)
Be;; 0 BeO 1 0.96 0.97 0.01
c/2 BeA 6 0.55 0.53 -0.14
c/2 BeC 6 -0.10 -0.07 0.14
0 BeB 6 -0.32 -0.29 0.21
¢ BeH 12 —0.18 -0.10 0.89
¢ BeD 2 0.20 0.14 -0.1
Be;;Cs, 0 BeO 1 0.94 0.93 -0.01
c/2 BeA 6 0.57 0.52 -0.25
c/2 BeC 6 -0.12 -0.07 0.27
0 BeB 6 -0.34 -0.33 0.09
¢ BeH 12 -0.28 -0.22 0.67
¢ BeD 2 0.44 0.40 —0.08
RY Cs 2 0.46 0.60 0.29
Be,;H, 0O BeO 1 1.00 1.00 0.00
/2 BeA 6 0.45 0.44 -0.12
c/2 BeC 6 ~0.06 -0.04 0.12
0 BeB 6 ~0.30 -0.26 0.24
¢ BeH 12 ~0.23 -0.16 0.84
¢ BeD 2 0.87 0.82 -0.10
R® H 2 ~024  -023 -0.02
“ =158 A.

» Number of symmetry equivalent atoms.
©) R =3.77 A for Be to Cs distance.
9 R =1.58 A for Be to H distance at local minimum (see text).

model appears to be adequate for the description of H adsorption. However,
further analysis reveals that this is not the case. As was stated previously, the
middle layer (BeB) of Be,, p ticipates appreciably (donating (.4 electron) in
the ionization process, indicating that this cluster does not reasonably model
the bulk surface. Adsorption of Cs or H onto this surface, therefore, yields
information about the interaction of these two species with a Be cluster, but
this information cannot be interpreted as also applying to the process w.iereby
a Cs or H atom adsorbs onto the bulk surface. Such an extension may be
made only in cases where the bare cluster is a good model of the bulk metal.

Be,,, a five-layer cluster, and Be,, a seven-layer cluster, appear to model
the Be metal surface more appropriately. Ionization of the.e clusters indicates
that the surface layers (BeH for Be,, and BeG for Be,) donate most of the
emitted electron. Although the middle iayers also contribute charge, the
involvement of the surface layers is three to four times as great. The adsorp-
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Table 6
Electron populations of Be,s and Be,sH,
Cluster z-coordi- Atom  No. Net charge per atom Total net charge
a) b) —_—_— .
nate label atoms Cluster  [Cluster]” dlt'ference+
([Cluster]™ — Cluster)

Beys 0 BeO 1 1.00 1.00 0.00

/2 BeA 6 0.42 041 -0.06

c/2 BeC 6 ~0.18 -0.16 0.12

0 BeB 6 ~0.34 -0.30 0.24

c BeH 12 ~0.18 -0.17 0.12

c BeD 2 1.36 1.34 -0.04

3¢/2 BeF 6 ~0.14 -0.14 0.00

3c¢/2 BeG 6 ~0.02 0.08 0.60
by, 2y 0 BeO 1 0.99 0.98 -0.01

c/2 BeA 6 043 0.41 -0.12

c/2 BeC 6 ~0.14 -0.12 0.12

0 BeB 6 ~0.36 -0.32 0.24

¢ BeH 12 ~0.14 -0.13 0.12

c BeD 2 1.32 1.30 -0.04

3c/2 BeF 6 ~0.18 -0.18 0.00

3¢/2 BeG 6 ~0.06 0.04 0.60

RY H 2 0.01 0.01 0.00
# =358 A

P Number of symmetry equivalent atoms.
*} R =0.86 A for Be plane to H distance at local minimum (see text). Be to H distance is 1.58 A.

tion process, then, is represented more reasonably by using Be,, or Be,s rather
than Be,y to model the metal surface.

Table 6 shows that the surface (BeG, z-coordinate = 3¢/2) layers of Be,
and Be,sH, are most affected during the ionization process. although the
inner layers of Be,H, are also involved in ionization, their contribution is
minimal compared to the charge donated by the surface (BeG) layers (0.2
versus 0.6). As with the Be,, systems, some of the contributed charge is shifted
toward several groups of atoms in the Be,s clusters, for example, BeA
( z-coordinate = ¢/2). However, the largest percentage of the charge involved
in ionization is donated by the BeG atoms in the surface layer. It is also
interesting to note that the net charge differences for Be,H, are nearly
identical to those for Be,, the only difference being 0.06 for the BeA layer.
The approach of H on the Be,; surface does not affect the ionization process.
The same conclusion is reached from an analysis of the electron populations of
Be,, and Be;;H,, which appear in table 5. The values of A¢ appearing in table
3 are another indication that H has no effect on the Be,; and Be,s surfaces.
The greatest shift in ionization potential occurs for the latter surface and is
0.2. A¢ for Be,, is practically 0. Therefore, H is not predicted to chemisorb on
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the Be surface and, in fact, does not in the case of Be,; (the adsorption energy
is 1 kcal/mol - atom). The adsorption energy of H on Be,, although greater
(18 kcal/ mol - atom), is attributed to a local minimum since both the popula-
tion analysis and A¢ values indicate no effect on the Be,; surface due to H
adsorption.

H approaches the Be,, surface directly above a Be atom (directly overhead
site) in the present calculations. There are three other possible sites for
adsorption. These are the Be—Be midpoint, eclipsed and open sites. The first
has the adsorbate approaching the Be surface directly between two Be atoms
focated on the surface. The second involves adsorption on the center of a
triangle of Be atoms located on the surface, the center of which is directly
above a Be atom situated in a layer next to the surface (which is the case for
Be,;). The open site has the adsorbate approaching the Be surface directly
above the center of a triangle of Be atoms located on the surface, directly
below which there is no Be atom. According to a study by Bagus et al., the
directly overhead site is the least stable for the adsorption of H onto a Be
surface [19]. These adsorption energies were obtained in SCF calculations
using clusters containing two to three layers. Be,; is a five-layer cluster and
thus should yield a reasonable value for the adsorption energy associated with
the directly overhead approach of an atom to the surface, while adsorption on
an eclipsed site is adequately modeled by the seven-layer Be,s cylinder.
Method 3 yields 47.1 kcal/ mol - atom, while method 1 predicts only negligible
adsorption for H on Bey;. For reasons already stated, method 1 is expected to
be more accurate. Therefore, H is predicted to adsorb very weakly. if at all on
Be;;. The lowest energy Be,,—H distance is 1.58 A, which represents a local
minimum since, as discussed above, H does not bind to Be.;. Bagus et al.
reported an SCF adsorption energy of 32 kcal /mol for H on Be, (a three-layer
cluster with 14 atoms on the top and bottom layers and 8 atoms in the middle)
and a Be,,—H distance of 1.38 A [19]. These values also correspond to
adsorption on a directly overhead site.

Adsorption of H on Be,; amounts to 18.2 kcal/mol - atom. The optimum
H-to-Be-plane distance is 0.86 A. which is also a local minimum since the
electron populations of Be,; and Be,sH, are nearly identical, indicating that H
has no effect on - ie., does not chemisorb to ~ the Be,; surface. The
corresponding values for adsorption onto a Be,, cluster reported by Bagus et
al. are 42.3 kcal/mol for the adsorption energy and 0.95 A for the distance
from H to the surface.

It is also the surface layers (BeH) of Be,;Cs, that are predominantly
involved in electron removal. These layers ¢« 1tiwuute 0.7 electron, whereas the
greatest charge contributed by the inner layers is 0.3, The total net charge
differences of Be;,Cs, differ from those of Be,,, indicating that Cs, unlike H.
is affecting electron removal. In fact, Cs donates 0.3 electron to this process.
The effects of charge redistribution resulting from ionization are greater for
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the inner layers (relative to the surface layers) of Be,;Cs, than for those of
Bey;H,. The BeC group of atoms contribute 0.3 electron, while the BeA atoms
accept 0.3 electron in Be,;Cs,. These amounts correspond to less than half of
the charge contributed by the surface layers. In Bey;H,, the greatest contribu-
tion by the inner layers is approximately one fourth of the charge contributed
by the surface. The small but non-negligible involvement of the inner layers of
Be;;,Cs, in the ionization process indicates that the discrepancy between the
calculated and measured work function lowering (table 3) may be improved by
treating a cluster corresponding to a larger cylinder height; for example, the 45
atom cylinder of table 1. Another possibility is the treatment of cylinders
having the same height as Be;; or Be,s but a greater radius (see table 1 and fig.
1). In addition to improvements in A¢, adsorption of Cs on an eclipsed site
(for example, Bed5) is predicted to be more stable. Unlike the head-on site,
this position allows the Cs to interact more closely with the surface triangles of
Be since there is no center atom present.

It is noted that the present study contains certain constraints and assump-
tions. First, no geometry relaxation was attempted for the Be clusters. Al-
though the Be-adatom distances were optimized, the full Dy, symmetry of the
cluster was maintained, and the Be-Be distances were held fixed at the
experimental lattice constants of Be metal. For clusters of this size, it is
probable that the optimum geometry may not match precisely that of the bulk
metal. Surface geometries do not generally match the corresponding bulk
lattice constants. Most materials are known to experience some degree of
reconstruction at the surface due to the bending of outward-directed (from the
surface) unpaired orbitals. Second. adsorption of Cs and of H was modeled
using only one atom above the top and bottom layers of the cluster. Since the
shift in the work function of Be metal depends on the degree of surface
coverage {3]. the results may be altered by adsorption of more than one atom
of Cs or H on each cluster.

Third. the calculations do not include electron correlation effects. As
previously mentioned. all low-lying electronic states of each cluster were
studied. Several of these states were nearly degenerate (within 0.1 eV), making
a reordering of states possible upon inclusion of electron correlation. Such
effects may be accounted for, at least in part. through the use of local-density-
functional approaches. These methods replace the exchange ierms in the
Hartree--Fock equations by spherical potentials, otherwise known as muffin-tin
potentials, through which some electron correlation corrections are introduced
into the system. Metal surfaces such as that of tungsten have been studied
using these approaches [20]. However. the results presented here are ab initio,
unlike those ob* " 1ed using density-functional theory. Furthermore, correla-
tion energy car .ilation is expected between the neutral and cationic cluster
systems. Although this cancellation is not complete because the neutral system
contains a greater number of electrons, the clusiers treated here are large
enough (e.g.. Be,,Cs, contains 84 electrons) so as to minimize this error.
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Fourth, the valence basis sets used in this study were not complete.
Additional p-type functions, as well as d-type GTF’s may alter the computed
adsorption energies to some degree. Finally, no periodic boundary conditions
were imposed on the clusters, making the results dependent on cluster size.

Despite these conditions, the work presented here provides useful informa-
tion about the adsorption process, including a detailed analysis of the nature
of the interactions at the surface, the latter of which cannot be obtained via
experiment alone. All of the theoretical results are calculated using fully ab
initio procedures; that is, no experimental parameters were used, no integrals
were approximated and all terms in the Hamiltonian were retained. Relativis-
tic effects for cesium were incorporated into the calculations through the ab
initio effective core potential. Despite the neglect of periodic boundary condi-
tions, the clusters used to model the Be surface were large, containing three
layers, five layers and seven layers in the case of Be,,, Be,; and Be,,
respectively. Energies for numerous low-lying electronic states were studied.
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Fig. 4. (a) The work function shift of sputter cleaned Be in time exposed to the residual gas in the

chamber (7.6 107" Torr). (b) The work function shift of sputter v.eaned Be exposed 10 H,

(20%x10 ® Torr) at + =50 s. (¢c) The change in sputter cleaned Be AES signal in time upon

exposure to the residual gas (7.6 X 10 "' Torr) in the chamber (dark curve) and upon exposure to
H, 3.0x 10" Torr).
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The states were chosen by analyzing the highest occupied and lowest unoc-
cupied molecular orbitals. Finally, independent SCF calculations were used to
determine the ionization potentials of the clusters in addition to the use of
Koopmans’ theorem.

The experimental findings of Cs adsorption on Be have been presented and
discussed elsewhere [3]. Exposure of the surface to H, yielded no observable
change. That is, the Be substrate Auger signal was not attenuated and there
was no discernable work function shift. Typical results are shown in fig. 4. In
curve a, the change in the work function with time is shown for sputter
cleaned polycrystalline Be exposed to the residual gases in the chamber at
7.6 X 107! Torr. Curve b corresponds to the same sample with the exception
that at time ¢ =50 s, H, was let into the chamber at 2.0 X 10~® Torr. This
corresponds to a flux of 3 X 10'* molecules/cm’- s at room temperature. No
change in the work function was seen for a period in excess of 10° s,
corresponding to a fluence greater than 3 X 10'® molecules/cm?. Curve ¢
shows the Be (104 eV) Auger electron signal for a sample first sputter cleaned
and exposed to the residual gases in the vacuum (solid symbol curve) and for
the same sample sputter cleaned in and maintained in H, at 3 x10~* Torr.

4. Conclusions

Analysis of the Mulliken populations for Be,y indicates that this cluster is
too small to model the bulk surface. However, the population analyses for Be;;
and Be, indicate that these clusters are adequate models of the Be metal
surface. The adsorption energy of Cs on Be,; is calculated as 21.8 kcal /mot -
atom. The decrease in the ionization potential of Be,;Cs, relative to Bey; is
calculated to be 1.5 eV. The experimental work function lowering resulting
from Cs adsorption is measured as 2.3 eV [3]. The adsorption energies of H on
Be,; and Be, are 1 and 18 kcal/mol - atom, respectively. The first value is
negligible, while the latter is attributed to a local minimum since Mulliken
population analysis and A¢ values for both Be;; and Be,s indicate no effect on
these clusters due to H adsorption. Experiment reveals no adsorption of H, on
Be metal, thus ruling out dissociative chemisorption.
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Reflection of hydrogen atoms from metal and semiconductor targets
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Partially cesiated Si and Mo targets have been exposed to a flux of atomic hydrogen produced by
thermal dissociation of hydrogen gas on a heated tungsten mesh. Hydrogen atoms in the tail of the
distribution are elastically reflected from the surface, and some fraction are negatively ionized by
electron transfer from the surface. The H™ energy distributions and the ion yields have been
measured. The backscattered H™ ions have a Maxwellian energy distribution with a temperature
equal to the atomic gas temperature. The ion yield depends exponentially on the inverse
temperature of the gas. The highest measured yield is ~0.01 for 7= 0.21 eV on Si. Monte Carlo
calculations of the ionized and neutral fractions using the probability model of Rasser et al. are in
good qualitative agreement with experimental results. Calculations show that most H™ ions
formed near the surface do not have enough kinetic energy to overcome the potential barrier due

to the image charge interaction.

I. INTRODUCTION

Surface production of negative hydrogen ions at escape ener-
gies below 1 eV has not been studied in any detail. This is in
contrast to numerous experiments carried out in the energy
range above a few eV where production of H™ ions was stud-
ied by backscattering of energetic protons from alkali and
metal targets,'” and in surface conversion-type sources
where H™ production is due to both ion impact desorption
and backscattering of primary ions.'>** Backscattering of
thermally produced hydrogen atoms from low work func-
tion surfaces offers a technique suitable for studies of H™
formation at low energies.

The production of H™ ions by backscattering of thermal
hydrogen atoms from cesiated surfaces was first observed by
Graham."® Pargellis and Seidl'® measured the yield of H™
ions and electrons for backscattering of thermal hydrogen
atoms from thick cesium targets.

Theoretical models for the ionization probability of atoms
scattered from metal targets have been developed.'”->* These
theories relate the ionization probability of the incident atom
to the target work function, the atomic velocity, and the
position and width of the affinity level. Good agreement
between calculated and measured ionization probabilities
have been obtained for incident atomic energies above 10eV.
We have adapted the probability model of Rasser ef al.® to
the case where trapping of low-energy incident atoms is sig-
nificant.

Understanding the mechanism for the formation of H~
ions at low energies is of practical significance in explaining
the observed H™ yields from surface conversion- and vol-
ume-type sources. Analysis of the atomic and molecular hy-
drogen densities present in volume sources indicates that a
significant fraction of the neutral particle density is atomic
hydrogen.?* Recently experiments carried out at Lawerence
Berkeley Laboratory have shown that the addition of cesium
vapor to their multicusp H ~ ion source resulted in a 16-fold
increase in the extracted H ™ ion current.?* They conclude
that a possible production mechanism may be backscatter-
ing from the cesiated chamber walls.
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In this experiment we have studied backscattering of ther-
mal hydrogen atoms from partially cesiated polycrystalline
Mo and n- and p-type (100) Si targets. We have measured
parallel energy distributions and the average ionization
probability as a function of average atomic energy. The
dominant effect in the low-energy reflections is trapping of
H~ ions by the image force.

Il. EXPERIMENTAL APPARATUS

The experimental apparatus is shown in Fig. 1. It consists
of a vacuum system, a planar diode, a rotating magnetic sec-
tor mass spectrometer, a tungsten mesh atomic hydrogen
source, an atomic beam hydrogen oven, a neutral Cs oven,2¢
and a HeNe laser. This apparatus has been described in de-
tail elsewhere.?-® The only major change in the apparatus is

He Ne
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FiG. 1. Experimenia! apparatus.
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the addition of the atomic beam hydrogen oven to be used in
future experiments.

The production rate of atomic hydrogen by thermal disso-
ciation of molecular hydrogen on a hot tungsten filament is
calculated from the theory of Hickmott.?®

The surface concentration, n (#/cm?), of hydrogen mol-
ecules on the hot filament is determined by the balance
between the rate of adsorption of molecular hydrogen from
the gas phase, and the rates of desorption of molecular and
atomic hydrogen from the filament.

The isothermal evaporation rates of molecular and atomic
hydrogen are given by the expression: dn/dt= — k,n’
(i = 1,2 corresponds to atomic and molecular hydrogen, re-
spectively). The constants k, are given by the expression k;
= v, exp(AH; /RT) where AH, is the activation energy for
the desorption process, and T is the mesh temperature. We
have used values of v, = 2.2 105", AH, = 67 kcal, and
v, =5X1073s,~ ' AH, = 31 kcal.?® The rate of adsorption
of molecular hydrogen from the gas phase is given by:
dn/dt = ®(H, )s, where ®(H,) = p(2am, kT,) ~'/?is the
impingement flux density, s = 0.07 is the sticking coefficient
of molecular hydrogen on tungsten,’® and the temperature
T, is taken as the chamber wall temperature. Combining the
expressions for the evaporation and adsorption rates of
atomic and molecular hydrogen and using the condition
dn/dt = 0 at steady state, the rate of evaporation of atomic
hydrogen from the hot tungsten surface is given by the equa-
tion:

kin=ky/2k,{ — ky + [k2 +49(H,)sk,)V2). (1)

The impingement flux density of atomic hydrogen on the
target is calculated from the formula

P(H) =kn(l —1), 2)

where ¢ = 0.745 is the transmission coefficient of the tung-
sten mesh.

lil. EXPERIMENTAL PROCEDURE

For each of the targets tested we measured the dependence
of the H™ yield and energy distributions on mesh tempera-
ture, hydrogen pressure, cesium flux, and target voltage.

The basic operation of the experiment is as follows: We
select the target voltage, mesh temperature, and hydrogen
pressure. Under these conditions we obtain an optimum cov-
erage of Cs on the target surface by varying the Cs oven
temperature and the target temperature. The target work
function is monitored by the photoelectric current produced
by the HeNe laser beam (photon energy 1.96 eV). The opti-
mum coverage is reached when the photoelectric current
reaches a maximum. Since the target is continuously bom-
barded with a flux of Cs * ions we operate the experiment at
target voltages below 150 V, or at very low Cs * ion current
densities where the H ™~ sputter yield is negligible.?”?*

The Si samples tested were sputter cleaned at 750 V with
Cs* ion doses on the order of 10" ions/cm? in order to
optimize the photo signal and the H™ yield. The optimum
photoelectric signal increases by two orders of magnitude
after sputter cleaning. The growth in the photoelectric signal
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FIG. 2. Parallel energy distributions of H ™ ions obtained from Mo, and -
and p-type Si targets for several mesh temperatures. The parallel energies at
AE) = 1/e show that the ion temperatures are equal to the atomic hydro-
gen/mesh temperatures.

after cleaning is most likely due to the removal of an SiO,
overlayer not removed by the chemical etching. Large in-
creases in the photoelectric yield after sputter cleaning of
$i0, covered Si have been observed by Allen and G ibelli.?'
They conclude that thin oxide films (from 10to 30 A) on Si
can trap up to 94% of the incident photoelectrons.

The maxima for the photoelectic current and the H™ cur-
rent occur at the same target temperature for each of the
targets tested. This confirms that the maximum negative ion
yield occurs at the minimum work function.

IV. ENERGY DISTRIBUTIONS AND H~ YIELDS

The angular dependence of the H™ current density is mea-
sured with the rotating magnet. The angular distribution
1(0) is a plot of the current measured by the magnetic mass
spectrometer as a function of the exit angle 8. For a planar
diode geometry we can relate the angular distribution
to the parallel energy distribution by the relation?’: tan’

0 = E, /U, where E, is the ion energy parallel to the target
surface and U is the accelerating voltage. Figure 2 shows
normalized distributions for several different mesh tempera-
tures with the Mo and Si targets. The H™ ions clearly have a
Maxwellian energy distribution, f{E,) = exp( — E,/kT)
with a temperature equal to the mesh temperature. Since the
targets are approximately at room temperature these results
show that the fast hydrogen atoms are reflected from ihe
target in elastic collisions.

We define the negative ion yield as 8= ®(H™)/P(H)
where ®(H ™) is the measured flux density of the H™ ions
and ®(H) is the flux density of the incident hydrogen atoms
calculated from Eq. (2). The yield 8 is also the ionization
probability averaged over the Maxwellian distribution of the
incident atoms.

We calculate ¢ (H ™) by integrating the H™ angular dis-
tribution 7(8) to obtain the total H™ ion current leaving the
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F1G. 3. H™ yields as a function of the mesh temperature: (@) polycrystal-
line Mo target; (M) n-type (100) Si; (A) p-type (100) Si targets sputter
cleaned at 750 V and Cs * ion current densities ~ 50-90 #A/cm?; and (O)
n-type (100) Si target (Ref. 21) sputter cleaned at 100 V and low Cs * ion
current densities ~7 uA/cm?.

exit aperture and dividing this current by the area (A, ) of
the exit aperture.

Figure 3 shows the yield as a function of inverse tempera-
ture for the Mo and Si targets. The yield depends exponen-
tially on the inverse temperature, 8~exp( — 4 /kT) where
A is a constant. The measured yields from the p and n doped
targets differ by ~22% at 0.2 eV. Also shown in Fig. 3 are
yields measured by Seidl et al.?® for n-type Si not subject to
large ion bombarding doses. In all cases the yields from the
Si targets are larger than from the Mo target. We attribute
the dif"erence between the yield measurements of Seidl et al,
and cu. results to differences in the cleaning procedure. Our
samples were cleaned at 750 V and 50-90 u#A/cm? while
those of Seidl et ¢l. were bombarded at 100 V and ~7
p#A/cm?. The role of surface structure in the charge ex-
change process is not clearly understood yet. Van Bommel et
al.’® obtained a H~ conversion efficiency from cesiated poly-
crystalline W a factor of 3 lower than from cesiated mono-
vrystalline (110; W targets. They concluded that the differ-
ences between the two targets could not be explained
theoretically on the basis of differing work functions only.
The effect of ion bombardment on the yields is currently
under investigation.

Figure 3 shows that only a small fraction ( ~1%) of the
incident atoms are reflected as H™ ions. The remaining
atoms are either reflected as neutrals or are trapped as nega-
tive ions near the surface of the target. The trapped ions
eventually recombine into hydrogen molecules or chemical-
ly react with the target. 1 hese reactions are accompanied by
electron emission. Pargellis and Seid]'® observed about 100
times more electrons than H ~ ions in backscattering of hy-
drogen atoms from a thick Cs target (work function 2.1eV).
In the present experiments the electron current is of the same
order of magnitude as the H ™ ion current. Theoretical calcu-
lations of H™ yields including the effects of trapping are
discussed in the following section.
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V. THEORY

There have been earlier calculations of H™ ion formation
due to atomic hydrogen reflection.'’-?° The calculations as-
sume that ions leave the surface at constant velocity, which is
valid for a kinetic energy large compared to the potential, or
surface binding energy. They agree reasonably well with
proton beam reflection experiments'® where kinetic ener-
gies are at least a few eV, but some modification is needed to
apply these ideas to thermal atomic hydrogen at a few tenths
of aneV.

Here we use a Monte Carlo calculation to integrate over
the thermal distribution. We take the main features of the
probability model,'*?° with simplifying approximations
since the Monte Carlo integration is insensitive to the details.

The potential energy of a negative charge near a conduct-
ing surface can be approximated by the image potential. The
classical formula is a good approximation for distances not
too near the surface. Estimates of the critical distance vary
but it is always a few Bohr radii. Because we have a negative
charge on the hydrogen ion we must include the binding
energy (electron affinity) 4 = 0.75 eV. The potential energy
of the H™ ion as a function of the distance z from the surface
is given by

U(z) = — A — (é/4m€,){1/[4(z + b) 1}, 4)

where b is a screening distance which we have taken to be 3.2
Bohr radii from van Amersfoort et al.” Deviations from this
potential very close to the surface ( <3 Bohr radii),*? and
the effect of the composite Cs/substrate potential'’ have
been ignored in this approximation. This potential is used in
calculating the crossing distance Z, where the hydrogen af-
finity level crosses the Fermi level. Equation (4) is also used
to conserve energy so that the change in the perpendicular
ion velocity may be determined as it moves away from the
surface.

The probability model'>?° determines the electronic ac-
tivity. The motion of the atom is treated classically so that
the quantum electron dynamics are calculated at a fixed po-
sition of the H atom. Two quantities are needed for the calcu-
lation. First, the charge state of an atom at a fixed distance z
has been determined.” For a cesiated metal with 0.5 mono-
layers of hydrogen adsorbed, the probability that the atom is
negative is very near unity inside the crossing distance, and
near zero outside. This is only true if the atom is held fixed
for a long time. This result is not unreasonable since for
z<Z_ the atom is ionized by electron transfer from filled
states below the Fermi level, and for z> Z_ a negative ion is
neutralized by electron transfer to vacant states above the
Fermi level.

The rate w(z) at which electron transfer between the atom
and the solid occurs has been calculated. This may be ap-
proximated by

o(z) = w, exp( — az), (5)
where z is the distance from the surface, and o, and a are
constants. This approximation is valid for distances greater
than a few Bohr radii from the surface.

Using these ideas the ionized fraction may be estimated by
the rate equation:

e ATy,
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dP/dt=w(2)[6(z—Z,) — P], (6)

where P is the probability that the atom is a negative ion.
6(z) is the Heaviside step function which approximates the
equilibrium charge state of a fixed atom.

In previous work '*?° Eq. (6) was integrated using a con-
stant velocity. This is reasonable if the atom’s kinetic energy
is larger than the height of the potential barrier. In our case
hydrogen atoms produced by thermal dissociation have a
temperature of a few tenths of an eV. Typical kinetic energies
are smaller than the depth of the potential well and the veloc-
ity cannot be considered constant.

We have integrated the rate Eq. (6) using the potential
given by Eq. (4) to determine the kinetic energy at each
point. The results are shown in Fig. 4. This figure shows the
probability for ionization as a function of the distance for
several initial energies. Atoms with the smallest energies
have a very high likelihood of being ionized because they
spend a long time near the surface, but they do not have
enough kinetic energy to get over the potential barrier. The
atoms with just enough energy to escape are slow and are
likely to be ionized, but they are also likely to be neutralized
outside Z_. The faster ions have a lower probability for ioni-
zation. The curves in Fig. 4 are only approximate since the
kinetic energy changes with distance only for an ion, and
because the point of ionization is a random process; they do,
however, show an important feature. Most ions formed near
the surface do not have enough kinetic energy to escape, and
hence are trapped. This shows in an approximate way the
dynamics of ionic chemisorption.

The Monte Carlo calculation determines the ionized frac-
tion of a thermal distribution as follows. An atom is placed
near the surface and assigned an initial speed « from a Gaus-
sian random number generator with the appropriate spread.
This atom is moved in constants steps dz. At each step a
number R is assigned from a uniform random number gener-
ator in the interval (0,1). If R <w(z)dz/u then ionization
took place. Once ionized it is assumed that the atom cannot
be neutralized inside Z, since there are no vacant states in
the solid at that energy. The ion is then moved to Z, and the
kinetic energy is reduced by the change in potential energy.
If the resulting kinetic energy is negative the ion is counted as
trapped. Atoms that reach Z, without being ionized are

FiG. 4. H- ionization probability as a function of distance. The largest
initial energy corresponds to 1.6 times the potential energy depth.
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FiG. 5. Theoretical calculation of neutral (dashed line) and ionized (solid
line) fractions as a function of energy for several different work functions
(eV).

counted as escaping atoms.

Tons that reach Z, untrapped are moved in steps of dz, but
the expression R < w(z)dz/u is used to determine whether
the ion is neutralized. Those that are neutralized are counted
as escaping atoms. Slow enough ions can be trapped outside
of Z_, and these are added to the trapped count. Finally ions
that survive at a large distance are counted as collected ions.

The results of this calculation are shown in Fig. 5. This
figure shows the ionized fraction and the neutral fraction as a
function of inverse temperature for several values of the
work function. Since the sum of the ionized, neutral, and
trapped fractions is unity, it is clear that the trapped fraction
is large. The dependence of the ion fraction on temperature
and work function is in good qualitative agreement with the
experimental results. -

This simple model works reasonably well because it is in
effect an integration of a stochastic process. The important
quantities are the scale length for electron transitions, the
crossing point, and the ratio of the temperature to the image
potential well depth.

VI. CONCLUSION

H™ ions produced by backscattering of thermal hydrogen
atoms from surfaces have an average parallel energy equal to
the incident atomic temperature. This implies that the atoms
are elastically scattered from the surface.

The H™ yields depend exponentially on the reciprocal
atomic temperature. On average yields from cesiated Si tar-
gets are several times larger than for cesiated Mo targets.
Backscattering yields from heavily ion bombarded 7- and p-
type Si targets are approximately equal. Theory indicates
that yields in excess of 0.1 can be achieved for atomic tem-
peratures ~0.5 eV and work functions of ~1.2 eV.

The basic limitation of H™ production at low incident
energies is trapping of H ™ ions by the image force.
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Electronic surface changes induced in silicon by hydrogen, oxygen,

and cesium coverages

A.E. Souzis, M. Seidl, W.E. Carr,andH. Huang
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(Received 8 September 1988; accepted 28 November 1988)

The electronic surface state changes for low-energy cesium ion deposition, oxygen, and hydrogen
adsorption on Si(100) are investigated. The change in surface potential (work function) is
probed by electron reflection. This shift is then calibrated using photoemission onset
measurements. The surface states are examined using ultraviolet photoemission spectroscopy
(UPS). Results indicate that low work function surfaces attained previously by cesium and
oxygen vapor deposition techniques are also attainable by ion bombardment. Results of work
function and UPS measurements of atomic hydrogen adsorption are consistent with an
asymmetric dimer model for the clean Si( 100) surface. Atomic hydrogen adsorption on a cesiated
and oxygenated surface has little effect on the work function, indicating that these surfaces may be
viable in an actual dynamic negative hydrogen ion source.

I. INTRODUCTION

The electronic and structural properties of semiconductor
surfaces are governed to a great extent by surface adsorbates
and implanted species. Cesium coatings, whether formed by
adsorption or by implantation, lower the surface work func-
tion,"? and are thus of great interest for use as high-effi-
ciency electron emitters or negative ion sources. Particularly
interesting are effects due to hydrogen and oxygen exposure.
Oxygen adsorption on cesiated silicon can lead to a surface
with a very low work function.** The effects of hydrogen
adsorption on these surfaces is of great interest in the field of
negative hydrogen ion converter surfaces. While it is clearly
possible to produce very low work function surfaces, the abi-
lity to maintain them in a dynamic situation remains un-
clear. This paper addresses the preparation of these surfaces
and the electronic surface changes associated with them.

lIl. EXPERIMENTAL DETAILS

All experiments were performed in an ultrahigh vacuum
system, with a base pressure of 4 X 10~ "' Torr. The target
wafer is n-type Si(100), with a resistivity of 5t0 9 Q cm. It is
mounted on an xyz manipulator with both azimuthal rota-
tion and sample tilt. The manipulator is also equipped for
electron beam (e-beam) heating and liquid-nitrogen (LN,)
cooling of the target. A thermocouple is available for moni-
toring the sample temperature while performing various ex-
periments. The sample can be rotated to any of seven differ-
ent experimental stations. These are (i) A low-energy
electron gun for determining the work function shift, (ii)
dual (Cs* and H* ) ion guns for sample bombardment, (iii)
a hot filament for coating the sample with atomic hydrogen,
(iv) a low-energy (5-50 eV) Cs* ion source, also used for
coating, (v) a window, used for admittance of a tunable light
source for calibration of the work function shifts, (vi) an
ultraviolet photoelectron spectrometer (UPS) for investiga-
tion of surface energy states, and (vii) a PHI Auger electron
spectrometer (AES) for detection of surface atoms. Both
the UPS and the AES use a double-pass, angular resolved
cylindrical mirror analyzer (CMA) for electron energy
analysis. Experimental control and data acquisition are ac-
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complished with an Apple I + microcomputer. A sche-
matic of the experimental arrangement is shown in Fig. 1.
The target is cut from a commercial wafer and cleaned
before placing it into vacuum. First, it is rinsed in a hot sol-
vent such as xylene. Then the top few layers are chemically
removed by etching the target in a solution of
HF:H,0 = 1:50 by volume. After placing the sample in
vacuum, an Auger scan shows that the target is covered with
a thick oxide layer. This layer is then removed by sputtering
with the Cs* source, typically at 500 eV and 0.5 uA/cm?,
followed by heating of the sample to 850 °C to remove the
cesium and anneal the wafer. Auger scans afterwards show
the surface to be oxide and contaminant free. The sample is
monitored for contamination with the AES, and no observ-
able increase is seen within the amount of time neccessary
(~1h) to complete a given experimental run. A clean sili-
con wafer is seen with AES to remain in the background

HIGH ENERGY GUNS

CMA
(AES and UPS)

A
EXPERIMENTAL SCHEMATIC

FiG. 1. Experimental setup, showing the arrangement of the various experi-
mental stations.
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vacuum for several days adsorbing only small amounts of
oxygen and nitrogen, with peak intensity ratios compared to
silicon of 1.3 10~% and 7.8 X 1073, respectively. This ob-
servation is consistent with results seen by other authors,’
where it is shown that oxygen adsorption on a clean silicon
surface is smaller by a factor of =~ 10° than adsorption on a
cesiated surface.

The work function shifts are determined by the retarding
field diode method.®” In this method, the shift in target bias
neccessary to reflect a fixed portion of the electron beam is
equal to the work function change of the target surface. The
electron beam is modulated, and the target current is moni-
tored with a lock-in amplifier to remove any dc leakage or
pickup effects. In order to convert this shift to an absolute
work function the target is biased negatively, and the onset of
photoelectron emission is measured using the tunable light
source. This method gives work function values repeatable
to within + 0.05 eV. This error is due primarily to uncer-
tainty in the onset of the photoemission current. The shift
measurements themselves are accurate to within + 0.01eV.

Both Cs* guns were designed and built in house® and use
the same source. The source is a pellet of sintered cesium
mordenite powder which becomes an ionic conductor when
heated to = 1000 °C, and thermionically emits cesium ions.
The difference between the two guns lies in the extraction
optics. The high-energy version uses a Pierce-type extraction
followed by a standard Kratos Minibeam I optical column
for acceleration to high energy (100-5000 eV). This gun is
available commercially from Kratos as an ion gun for nega-
tive secondary ion mass spectrometry (SIMS). The low-en-
ergy gun uses a simple planar diode geometry to produce a
beam with an energy range of 5to 50eV. The H* gun is also
a Minibeam I gun modified to use hydrogen. The two high-
energy beams impinge on the target at 18° from the normal.

lil. EXPERIMENTAL RESULTS AND DISCUSSION
A. Low-energy cesium ion deposition

We examine the work function of an n-type (100) silicon
target bombarded by a low-energy (20 eV) cesium ion beam.
At this energy the source provides in excess of 1 uA/cm’ to
the target. Placing the target in front of the ion source results
in radiative heating of the wafer to 325 K. At this tempera-
ture, we are unable to reach the coverage of cesium necessary
for a minimum work function. When cooled to ~200 K,
monolayer coatings of cesium are obtained. It should be not-
ed that the coverage also depends on ion flux, and higher
temperatures may be used if accompanied by an increase in
the cesium flux.

In Fig. 2, the solid squares show the work function shift as
a function of cesium dose. The total dose is determined by
integrating the ion flux incident on the target. The coverage
is calibrated using published data® on the ratio of cesium to
silicon Auger peaks as a function of coverage, where a cover-
age of 1.0 monolayer (ML) corresponds to 6.78x 10"
atoms/cm?, The curve in Fig. 2 passes through a minimum
at a dosage of 3 X 10'® jons/cm?. This corresponds to a cov-
erage of 0.5 ML. The curve then rises to a constant value ata
dosage of 1.6 X 10'® ions/cm?. Here, the coverage is equal to
1.0 ML. Note that it takes much longer to go from 0.5 to 1
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FiG. 2. Work function shift vs dose for 20-eV Cs* on Si(100) (W). Maxi-
mum work function shift after oxygen is added (®). Inset shows sample
photoemission onset curve used to calibrate the shift measurements.

ML than from 0 to 0.5 ML. This is attributed to a reduced
sticking coefficient at coverages > 0.5 ML. In each of these
regions, the coverage increases linearly with dose.® The shift
measurements in Fig. 2 are calibrated with the tunable light
source. It should be noted that in general, the photoemission
onset is not numerically equal to the work function. How-
ever, in the case of sputtered and annealed silicon, it has been
shown that the two values are equal.'” Therefore, graphing
(yield)'/* versus photon wavelength,'' we extrapolate pho-
toemission currents to the thresholds giving absolute values
for the work function. These values are 2.00 4 0.05 eV at
1.0-ML cesium coverage, and 1.47 + 0.05 eV at the mini-
mum. The inset in Fig. 2 shows an example of a photoemis-
sion onset measurement used to calibrate the shifts. The pho-
toelectrons are measured with the lock-in amplifier, and this
signal is then taken to the } power. In the figure, it is plotted
in arbitrary units.

B. Adsorption of oxygen

It is well known that the adsorption of cesium followed by
the adsorption of oxygen on silicon can lead to a surface with
a work function smaller than 1.0 eV. These studies have been
done with cesium vapor deposition, and claim to be very
sensitive to the surface condition. In this experiment, we use
low-energy ions to see if bombardment induced damage to
the surface prevents this effect. Theorciical values calculated
with the TRIM computer code'? indicate that at 20-V inci-
dent Cs™* energy, the average implantation depth is 3.89 A
( =1 layer), and that for every two incident ions, one vacan-
cy/interstitial is created. Postdislocation recombination is
not considered in this calculation.

Looking again at Fig. 2, the solid circles represent the
work function shift after first dosing the surface with cesium,
and then admitting oxygen into the chamber while monitor-
ing the work function. Below 0.5-ML cesium coverage, oxy-
gen adsorption causes the work function to rise (not
shown). Only for cesium coverages > 0.5 ML does adsorp-
tion of oxygen cause the work function to drop to a mini-
mum value and then to rise again. The points on the curve




—— > e——
722 Souzis ef a/.: Electronic surface changes induced in silicon 722
represent the minimum value reached. Once the oxygen is 00
shut off, the work function is seen to remain stable for ex- osl

.

tended periods of time. The largest change, and lowest abso-
lute work function is seen when oxygen is admitted after 1.0
ML of cesium is deposited. The minimum absolute work
function reached upon adsorption of oxygen is 0.90 + 0.05
eV. The oxygen exposure needed to achieve this minimum is
~2.5L (10~° Torr s). We find this surface to be easily re-
produced using the above procedure. Our work function val-
ue corresponds precisely to values seen by other authors us-
ing vapor deposition.>*° Thus, at least for 20-V incident ion
energy, we see that these low work function surfaces are still
attainable. Higher energies are presently being investigated.

Progressive oxidation of thick (~ 10 at. layers) cesium
films has been shown to give a minimum work function of
=~ 1.0 eV by Woratschek ez al.'? It was also determined that
the minimum work function corresponded to completion of
a subsurface layer of oxygen. While this work function is
slightly larger than our result, it indicates that the substrate
may not be crucial in obtaining a work function on the order
of 1.0 eV. Thick layers, on the order of several hundred ang-
stroms, of cesium suboxide may produce the same result. We
intend to investigate this possibility, especially with regard
to its use in negative hydrogen ion sources.

C. Adsorption of atomic hydrogen
1. On clean silicon

In this setup, the target is placed ~ 3 cm in front of a hot
(=2100 K)) tungsten filament. Molecular hydrogen is then
admitted to the chamber at a H, pressure of 1 X 10~° Torr.
Since the amount of actual atomic flux from the filament is
not known, the data are referenced to the number of L of H,
exposure. However, as we shall see later, an approximate
value for the rate of coverage accumulation can be calculat-
ed. In Fig. 3, the work function change versus H, exposure is
shown. The work function change is — 0.34 + 0.05¢eV fora
H, exposure of =~480 L. This decrease in the work function
is consistent with the asymmetric dimer model for the clean
Si(100) surface.'*' In this model, the work function of a
clean surface is increased from that of an ideal surface by a
dipole moment due to the displacement of surface and sub-
surface atoms. This displacement is due to the bonding of
adjacent surface atoms via dangling bonds. The adsorption
of atomic hydrogen then saturates these dangling bonds, and
removes the surface reconstruction, causing the work func-
tion to decrease. Within experimental error, our value
matches that seen by other authors.'>'” More recent support
for this asymmetric dimer model has been seen with scan-
ning tunneling microscope (STM) data,'® where it is seen
that in regions of high surface defect structure, such as might
be expected in a sputter cleaned and annealed target, the
primary surface structure is that of buckled (asymmetric)
dimers.

Looking again at Fig. 3, we see essentially two regions, one
where the work function is changing rapidly, and a second
where it changes much more slowly. From the work of
Law,'? it is known that the sticking coefficient of atomic
hydrogen on silicon decreases by two orders of magnitude
between coverages of 1 X 10'*/cm? and 3 X 10'*/cm?. If the
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atomic hydrogen source.

breakpoint of the work function curve is assumed to be at a
coverage of 2 X 10"/cm?, a rate of coverage accumulation
can be calculated. Knowing that the time to reach the break
point is 45 s, it follows that the accumulation rate is equal to
4.4 10" atoms/cm? s,

In order to verify that the work function reduction is due
to atomic, and not molecular hydrogen adsorption, the work
function is monitored while the target sits in a background
H, pressure of 1 X 107° Torr. During this measurement, all
other filaments in the chamber except for the work function
gun are shut off. The data show essentially the same behavior
except for an increase by a factor of 50 in the exposure of
molecular hydrogen needed to reach the breakpoint in the
curve. This slow work function decrease is attributed to a
combination of atomic hydrogen production by the electron
gun and adsorption of molecular hydrogen. Molecular hy-
drogen has been seen to only adsorb on silicon in very small
(<3%) amounts.'?' Thus the majority of the work func-
tion change is presumed to be due to the atomic as opposed
to the molecular flux. The possibility of contamination is
also checked. After an exposure of = 1800 L of H, the Auger
spectra show only the growth of an oxygen peak with an
intensity of 8 X 10~ ? times that of the silicon peak. Thus, the
work function shift is due to atomic hydrogen adsorption
only.

UPS spectra using He 1 (21.2 eV) photons have been tak-
en for clean and hydrogenated silicon. The results are shown
in Fig. 4. On the clean surface, features are seen at — 5.7,

— 7.7, —12.2, and - 15.7 eV, where these values are re-
ferred to the vacuum level. These results agree with other
authors,?® where they have been interpreted'”? as indicat-
ing the asymmetric dimer bonds discussed earlier. Changes
in these features are seen after exposure to 300 L of H,, while
placed in front of the atomic hydrogen filament. The bump
at — 5.7 eV has disappeared, consistent with its interpreta-
tion as due to dangling bond surface states,?” which are satu-
rated upon adsorption of atomic hydrogen. The features at
— 7.7, — 12.2,and — 15.7 eV remain, to a greater or lesser
degree, and are thus attributed to the silicon bulk. In addi-
tion to changes in the spectra due to the surface states, there
was also a shift in the low-energy cutoff of secondary elec-
trons due to a shift in the work function. This shift is equal to
0.32 eV, which is the same value that was arrived at using the
retarding field technique (see Fig. 3).
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FI1G. 4. UPS spectra for a clean Si( 100) target (top curve), and for the same
target after a 300 L exposure to H, while placed in front of the atomic
hydrogen source (bottom curve).

2. On cesiated silicon

Atomic hydrogen is deposited on cesiated silicon, both at
full-monolayer coverage and on the oxygenated surface. For
the case of fuli-monolayer coverage, the work function de-
creases by ~0.12 eV after an exposure of 200 L of H,. In the
case of oxygenated silicon, the target is first cesiated and
oxygenated until the optimum work function surface is
reached. The target is then placed in front of the hot filament
and hydrogen is admitted to the chamber. The effect of this
adsorption on the surface work function is an immediate
increase of <0.15 eV, followed by a very slow rise. Taking
runs with and without the atomic hydrogen filament operat-
ing serves to put an upper limit on the effect of the atomic
hydrogen adsorption. Qur data thus far indicate that atomic
hydrogen has only a small effect on the work function of the
cesiated targets and thus it may be possible to maintain a
surface with a work function of = 1 eV in a dynamic system.
We are presently examining this effect in greater detail.

IV. SUMMARY

We have seen that it is possible to attain work functions on
silicon of sub-eV values, by coating the surface with cesium
and oxygen. Although these values have been obtained be-
fore by vapor deposition, we have shown that at least for low
ion energies, they are also attainable by ion bombardment.
The effect of atomic hydrogen exposure on clean and on
these low work function surfaces has also been investigated.
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On clean silicon, the results of atomic hydrogen adsorption,
namely, the passivation of surface states and the work func-
tion changes, support the asymmetric dimer model for the
Si(100) surface. We have seen that the hydrogen on a low
work function surface has only a small effect. This is of great
practical importance in the field of negative hydrogen ion
sources where the yield of negative ions depends strongly on
the work function of the surface. Theory indicates that nega-
tive ion yields in excess of 0.1 for reflection of thermal atomic
hydrogen with a temperature of 0.5 eV from a surface witha
1.2-eV work function can be obtained.?

ACKNOWLEDGMENTS

We gratefully thank George Wohirab, for his invaluable
machining expertise and overall general assistance in keep-
ing the system running. This work was supported by the Air
Force Office of Scientific Research.

'W. Carr, M. Seidl, G. S. Tompa, and A. E. Souzis, J. Vac. Sci. Technol. A
§, 1250 (1987).

’R. E. Weber and W. T. Peria, Surf. Sci. 14, 13 (1969).

B. Goldstein, Surf. Sci. 35, 227 (1973).

*J. D. Levine, Surf. Sci. 34, 90 (1973).

*P. Soukiassian, M. H. Bakshi, Z. Hurych, and T. M. Gentle, Phys. Rev. B
35,4176 (1987).

®P. A. Anderson, Phys. Rev. 47, 958 (1935).

’A. G. Knapp, Surf. Sci. 34, 289 (1973).

*M. Seidl, A. E. Souzis, W. E. Carr, and G. S. Tompa, in the 37th Pitts-
burgh Conference and Exposition, Book of Abstracts, No. 743, 1986.

°J. E. Ortega, E. M. Qellig, J. Ferron, and R. Miranda, Phys. Rev. B 36,
6213 (1987).

'“F. G. Allen and G. W. Gobeli, J. Appi. Phys. 35, 597 (1964).

''"G. W. Gobeli and F. G. Allen, Phys. Rev. A 137, 245 (1965).

2W. Eckstein, H. Verbeek, and J. P. Biersack, J. Appl. Phys. 51, 1194
(1980).

'*B. Woratschek, W. Sesselman, J. Kuppers, G. Ertl, and H. Haberland, J.
Chem. Phys. 86, 241) (1987}.

““W. S. Verwoerd, Surf. Sci. 99, 581 (1980).

'SD. J. Chadi, J. Vac. Sci. Technol. 16, 1290 (1979).

'P. Koke and W. Monch, Solid State Commun. 36, 1007 (1980).

7K. Fujiwara, Phys. Rev. B 26, 2036 (1982).

'*R. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Rev. B 34, 5343
(1986).

'“J. T. Law, J. Chem. Phys. 30, 1568 (1959).

2H. Ibach and J. E. Rowe, Surf. Sci. 43, 481 (1974).

3T, Sakurai, M. J. Cardillv, and H. D. Hagstrum, J. Vac. Sci. Technol. 14,
397 (1977).

2F. J. Himpsel and D. E. Eastman, J. Vac. Sci. Technol. 16, 1297 (1979).

M. Seidl, W. E. Carr, J. L. Lopes, and S. T. Melnychuk, in Proceedings of
the 3rd European Workshop on Production and Application of Light Nega-
tive fons (FOM Institute for Atomic and Molecular Physics, Amsterdam,
The Netherlands, 1988), p. 157.




Cesiumion transport across a solid electrolyte-porous tungsten interface
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The electrified interface between a cesium—-mordenite solid electrolyte and a porous tungsten
electrode has been studied theoretically and experimentally. This interface double layer plays a
major role in a novel cesium ion source of high current density. A self-sustained theory of the solid
electrolyte—metal interface is presented. The coverage of cesium on the surface of the porous
tungsten electrode (i.e., inner layer) is calculated to be 0.3-0.35 in the temperature range 800
1100 °C. The concentration profile in the diffusion layer is obtained numerically in equilibrium
and steady state. The Cs* ion emission current-voltage curves have been measured
experimentally as a function of temperature and the biasing current. Cs * ion emission current of
up to 10 mA/cm? has been extracted for 500 h at 1100 °C in steady-state operation. The emission

current can be controlled by the biasing current.

1. INTRODUCTION

Recently, a novel solid source of Cs* ions has been devel-
oped in this laboratory.' It combines the advantages of po-
rous metal ionizers™® with those of aluminosilicate emit-
ters.*

A schematic diagram of the cesium ion source is shown in
Fig. 1. Cesium ions are chemically stored in a cylindrical
pellet made of cesium mordenite (Cs—M) which is a synthe-
tic zeolite of formuia Cs,0-Al,0,-10Si0,.* The pellet is
operatud at a temperature of ~ 1000 °C. At this temperature,
the Cs—M is a good ionic conductor for Cs * ions. A porous
tungsten thin film is sputter deposited on one circular face of
the pellet while the other side is provided with a thick plati-
num coating. Cesium ions are driven to the porous electrode
by an electric field generated in the solid electrolyte(SE) by
the biasing voltage U,. The ions diffuse through the porous
tungsten electrode to its surface where they are emitted by
surface ionization. The emitted ions are accelerated by the
voltage U, applied between the emission surface and the
accelerator electrode.

In this paper, we summarize our experimental and theo-
retical studieson Cs * ion transport from the SE through the
porous tungsten electrode to vacuum. We present a self-con-
sistent theory of the SE—cathode interface. The SE-anode
interface will be treated in another paper.

Il. CESIUM-MORDENITE SOLID ELECTROLYTE
(Co-M SE)

Cs—M has an aluminosilicate matrix with an interchange-
able cation. The structure of Cs-M consists of a single-layer
framework containing five-membered rings of the Al and Si
tetrahedral. It has a two-dimensional channel system with a
pore size of ~6-7 A in diameter which is known as large-
port mordenite.>® The high ionic conductivity of Cs~M SE is
due to its channel structure.’

A. Pellet preparation

The Cs-M powder is formed from Na-M powder
[Na,-Al,0,:108i0,] (large port Na-M, Union Carbide
Inc.) by the ion exchange method.® The ion-exchanged Cs~
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M powder is fired in order to recrystallize to a Cs—M struc-
ture at 1050 °C. The recrystallized Cs—-M is crushed and
ground in a high-purity zirconia ball mill to obtain uniform
particle size. The powder is pressed into a cylindrical pellet
which is sintered at 1370 °C for 3 h. To obtain a thermally
stable emitter (ie., minimize outgassing at an operating
temperature of 1100 °C), it is sintered at just below its melt-
ing temperature (1400 °C). The final dimensions of the pel-
let are 0.5 cm in diameter and 1.0 cm in length. The density
of the pellet is 2.60 g/cm>, The theoretical density of Cs—M is
2.83 g/cm>.® About 80 C of cesium are stored in the Cs-M
pellet.

B. lonic conductivity

The current interruption method?® is employed to measure
the ionic conductivity and the double layer capacitances. In
the Cs—M SE, the Cs * ion is the only mobile charge moving
through the negatively charged matrix skeleton by the hop-
ping mechanism.'® The ionic conductivity g has an
Arrhenius-type dependence on the temperature; g = g, exp

— [AG°/kT]).The conductivity is the order of 10~°
[ cm] ! at 1000 °C and the activation energy AG °is found

000000 00CO0OCO

!
U Yo

FIG. 1. Schematic diagram of the cesium ion source: (1) Cs-M solid elec-
trode, (2) porous tungsten emitting electrode, (3) beam forming electrode,
(4) accelerator electrode, (5) nonporous platinum anode, and (6) beater.
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to be 0.7 eV/ion. The electronic conductivity of Cs~M SE is
so small that it could not be observed.

C. Electrode reaction

There are charge transfer reactions on both the electrodes.
The anode reaction is

CsM=Cs*+M =Cs* +M+e, n
and the cathode reaction is
Cs* +e=Cs" 2)

The time dependence of the cathode-SE interface poten-
tial after current interruption has been studied. Two differ-
ent time constants in the decay of the interface potential are
observed. They are a manifestation of a double layer at the
interface (i.e., inner layer and diffusion layer).'' The time
constant of the inner layer is of the order of seconds while the
time constant of the diffusion layer is of the order of hundred
seconds. The corresponding capacitances are of the order of
few tens uF for the inner layer and of few mF for the diffu-
sion layer at a temperature of 1000 °C.

11l. ION EMISSION

A thin film of porous tungsten, a few uzm thick, is sputter-
deposited on the emitting surface of a Cs—M pellet. Pore size
is of the order of 0.1 um in diameter and pore density is
2.7x 10%/cm?. The anode electrode is coated with platinum
paste.

The planar diode arrangement has been used for the stud-
ies of the emission current—voltage characteristics. The emit-
ter surface is 0.5 cm in diameter and the spacing between
emitter and extracting mesh (145X 145 tungsten mesh) is
0.2 cm.

The characteristics of the Cs* ion emission current vs
extraction voltage are shown in Fig. 2. In the low-voltage
range, the emission current follows the Child-Langmuir
law, indicating space-charge-limited flow. In the high-vol-
tage range where temperature-limited operation should be
effective, saturation occurs, and the emitted current is ob-
served to be of the Schottky type. In this range, the current
can be raised to the space-charge limit by additional cesium
supply obtained by pellet biasing (Fig. 2).

The maximum current density of 0.3 mA/cm? shown in
Fig. 2 does not represent a fundamental limit but rather a
practical experimental limitation due to large total current.
In order to increase the current density while keeping the
total current below 30 £ A we have reduced the emitting area
by covering the porous tungsten electrode with a diaphragm
provided with an aperture of 0.06 cm in diameter. All cesium
supplied to the porous tungsten electrode is delivered to this
emitting area by surface diffusion. The ratio of the tungsten
electrode area to the emitting area is ~ 100. Thus, the emis-
sion current density is 100 times larger than the biasing cur-
rent density. Cesium ions are extracted by an immersion lens
system, commonly used for electron guns.'? The maximum
current density measured as a function of temperature in this
system is shown by circles in Fig. 3. With the tungsten emit-
ter at 1100 °C, a steady-state current density of 10 mA/cm?
was extracted for a period of 500 h.
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In this case, we have reached the fundamental limit of . dn +En (5)

surface ionization. All cesium supplied to the emitter surface I= = ’

is emitted as Cs* ions as long as the current density is dE

smaller than a critical current density which is given by the 4 =n-—1, (6)

condition that the work function of the emitter surface is
larger than the ionization potential of cesium. Wilson'® mea-
sured the critical Cs * ion current densities for several solid
metal surfaces. His results are shown in Fig. 3, as solid lines.
It can be seen that our measurements closely follow Wilson’s
curves. The slightly smaller values compared to Wilson’s
data can be attributed to the porous surface of the emitters.

1ll. THEORY AND DISCUSSION

The theory of ion transport across the metal-SE interface
is based on a Gouy—-Chapman-Stern model** which we have
modified to include the specific features of the SE. Figure 4
schematically shows the metal-SE interface. It can be divid-
ed into the diffusion layer and the inner layer. The current
density J in the diffusion layer is given by the equation:

- —qD%-{-quC, 3)

where g is the electron charge, Cis a concentration, u is the
mobility, D is the diffusion constant of cesium ions, and E is
the electric field. In contrast to LE, the conduction term
(guEC) is not negligible with respect to the diffusion term
for SE. This is due to the fact that only the positive ion is
mobile. In consequence, space-charge neutralization is less
effective on the local scale. We shall restrict the theory to
steady state (no time dependence). Hence, J is a constant,
independent of distance x, and is equal to the current density
in the bulk.
The electric field satisfies Poisson’s equation:

9E _q(c- /e, @)
dx
where € is a dielectric constant and C, is the cesium concen-
tration in the bulk. Assuming Einstein’s relationship
between D and u, the two equation can be normalized as

follows:

electrode

i Ca

FIG. 4. Schematic diagram of the double layer: (a) charge distribution and
(b) equivalent electric circuit.
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wherej=J /J,,n=C/Cy, v =x/L,, and E = dg/dr. The
normalized potential is ¢ = eU /kT. The normalization con-
stants are the cesium ion density in the bulk C,, the Debye
length L, = [kTe/Cq*]"'?, and J, = ¢DC,/L, which is
equal to the limiting diffusion flux.'s

Equations (5) and (6) have two boundary conditions:

n =N, exp_[(/“b—p's)/kT] (T=O)

=1 (r>»1).

The other boundary condition will be introduced later. In
Eq. (7), p, and p, are the chemical potentials for bulk and
surface of the Cs—M SE. The difference between p, and g,
will be taken equal to 0.05 eV.'¢ The maximum ion concen-
tration n,,, is given by the number of available sites on the
surface of the Cs—M SE. There are three available sites per
unit cell, which are 6 A and 3-2 A in diameter.''® The 6-A
site is due to the channel which contributes to the ionic con-
duction. Since all these three sites are possible adsorption
sites, we take n_,, = 3.

The surface concentration n(r = 0) is related to the cov-
erage 0 of the tungsten electrode by means of the Langmuir
isotherm:

0/(1—-0)=(K/a)n(r=0), (8)

N

where K = exp[(E,, — E;)/kT], and E,, and E, are the
binding energies of cesium on tungsten and Cs-M SE, re-
spectively. They are E,, = 3.37-2.78-0, (Ref. 19) and E,
= 2.49¢V.? The normalization factor @ = o,,/0, depends
on the surface concentrations of cesium in a monolayer on
tungsten (o, = 4.5X 10" cm~?) and on Cs-M SE(o, =
0.3x 10" cm™?).

The specifically adsorbed cesium ions on the tungsten
electrode represent a positive surface charge density (Q,
= g6o,,) which is stored in the inner layer. This charge and
the positive charge accumulated in the diffusion layer Q, are
compensated by the negative charge Q, induced in the metal
electrode [Fig. 4(a) ]. The equivalent electrical circuit of the
interface is series connection of two capacitors with leakage
resistances [Fig. 4(b)].

The diffusion layer is balanced by the field E, due to the
electron charge on the metal electrode. By using Gauss’s
law:

E,=Qy,/€ . ¢

Equation (9) is another boundary condition for Egs. (5)
and (6). The electron surface charge density on the metal
electrodeis @, = Q. — Q..

The solutions of Egs. (5), (6), and (8) depend on only
two free parameters: the temperature T and the normalized
current density j.

The important result of these calculation is that the cover-
age O is practically independent of the current density j, and a
weak function of temperature, changing from 0.35 (at
T=1100°C) t00.3 (at T = 800 °C). On the other hand, the
potential difference across the sheath (i.e., electrochemical
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density of 10 mA/cm?. This means that diffusion through
the porous tungsten electrode does not limit the ion trans-
port. Experimentally, the Cs * ion emission current can be

1809 S. I. Kim and M. Seidl: Cesium ion transport across an electrolyte-tungsten interface 1809
25
1100 °C
n Equilibrium

———S8teady State

01 0.2 03
7= %/ Lo

FI1G. 5. Cesium concentration profiles in the diffusion layer, numerically
calculated for 1100 °C (solid line J = 0; dashed line J = 50 uA/cm?).

overpotential for the electrode reaction) increases with the
current. The exponential dependence of current on the over-
potential (i.e., Butler-Volmer equation®') is not obtained
here, due to the effect of the double layer ( Frumkin effect??).
The theoretical current—cverpotential characteristics will be
shown in another paper.

Figure 5 shows the concentration profile in the diffusion
layer for J = 0 and 50 uA/cm’. The thickness of the diffu-
sion layer is of the order of one-tenth of the Debye length,
which corresponds to the high potential regime of the Gouy-
Chapman model for LE.?2 The typical thickness of the diffu-
sion layer is of the order of a few tens A at 1100 °C.

All the cesium delivered to the porous tungsten electrode
(biasing current) must diffuse to its surface exposed to vacu-
um. The biasing current can be controlled by the external
biasing voltage between cathode and anode while the diffu-
sion current depends only on the gradient of cesium concen-
tration and the temperature. The diffusion of cesium
through the porous tungsten has been theoretically treated
by Forrester.?> According to Forrester’s Eq. (1), maximum
current density of the order of few mA/cm? is obtained at
1100 °C by using the values of our system (i.e., the coverage
on the back surface of the tungsten electrode is 0.35, the pore
size is 0.1 gm in diameter, pore density is 2.7 10® cm 2,
and the thickness of the tungsten electrode is 5 um). For the
high current density ion source, 100 zA/cm? of supplying
current density is needed to havea Cs * ion emission current
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completely controlled by the biasing current in any range of
the emission limited current region.

Full details of both experiments and theory will be pub-
lished in forthcoming papers.
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SURFACE PRODUCTION OF NEGATIVE HYDROGEN IONS
M.Seidl, V.E.Carr, S.T.Melnychuk, A.B.Souzis, J.Isenberg and H.Huang

Department of Physics and Engineering Physics
Stevens Institute of Technology, Hoboken, NJ 07030

ABSTRACT

Negative hydrogen ions are produced by electron tunnelling from a solid
surface (converter) to hydrogen atoms moving avay from the surface. A simple
theoretical model of this process indicates reasonable ionization probability (>0.1)
for lov initial energy of the H atoms (order of 1 eV) vhen the vork function of the
converter is smaller than 1.5 eV. Lov initial energy guarantees lov H™ ion energy
spread. It also makes it possible to use a variety of compounds for reducing the
converter work function. Experimental studies of Cs oxide films (vork function 0.9
to 1.2 eV) are presented. Production of H ions by backscattering thermally produced
H atoms from a thick film of Cs oxide is demonstrated.

1. INTRODUCTION

Surface production of H™ ions is based on electron tunnelling from a solid
surface to an B atom moving avay from the surface.The theory of this process has
been studied over the past decade by several authors using various
approximations:-¢. A generic ‘model of the process vhich also takes into account
particle trapping is presented in Chapter 2. The model indicates, that in order to
obtain a high surface ionization rate, the vork function of the surface must be as
lov as possible and the initial velocity of the H atom must have an optimum value
vhich depends primarily on the surface electron density near the Fermi level..

The motion of the B atom awvay from the surface is caused by atom-atom
collisions. Because of the statistical nature of the collisions, the average initial
kinetic energy parallel, <E, >,and perpendicular, <B;>. to the surface are equal. For
high brightness beans, > must be small, say 1 eV, vhich implies that <B;> wvill
also be 1 eV. Since <B;> affects the ionization probability, there iz in general a
trade-off betveen beam intensity and beam temperature.

Experimentally the motion of the H atom is due to either sputtering or
scattering. In the case of sputtering, H atoms adsorbed on the converter surface (or
implanted close to the surface) are desorbed by Cs ion bombardment”’'s or B ion
bombardment® or a combination of both:o’1:i, In order to obtain acceptable yield the
bombarding energy must exceed 100 eV, vhich is sufficient for sputter erosion and
structural damage to the converter surface. This fact restricts the choice of the
converter material, as discussed in Chapter 3.

Backscattering of B atoms or ions from lov vork function surfaces is another
method for surface production of H~ ions. Por high ionization probability the
perpendicular energy of the incident B atoms must be in a certain range that depends
on the properties of the surface but roughly extends from 0.5 eV to 30 eV. At lover
energies the H ions are trapped by the image force (chemisorbed) on the surface and
undergo chemical reactions. At higher energies most of the atoms are implanted in
the converter or are inelastically reflected. The upper part of the alloved energy
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range wvas studied in proton backscattering experiments:2.20. I~ fon yields higher
than 50X have been measuredi®. The lover part of the alloved energy range vas
studied by backscattering of thermally produced H atoms2:-23, Lov energy (1leV)
backscattering eliminates surface damage to the converter by momentum transfer. Nev
avenues for surface optimization opened up by this approach are discussed in Chapter
3. The other advantage of lov energy backscattering is the lov energy spread of of
the B~ ions. Both points are demonstrated in Chapter & vhich presents experimental
results on backscattering of thermally produced H atoms from Cs oxide surfaces.

2. THEORETICAL MODEL

It is generally agreed that electron transfer betveen the H atom and the
surface can be described by electron tunnelling, with the motion of the atom treated
classically. According to the probability modele the frequency of electron
transition betveen the H atom affinity level and the surface is given by;

w(z) = 0 exp(—~2) (1)

vhere z is the distance betveen the atom and the surface, and @ and 4 are constants.
This holds for separations greater than a fev atomic radii, vhich is the important
region for negative ion production. The transitions are energy conserving, so that
they occur betveen the state in the atom and states on the surface at the same
energy. The constants are given by Gauyac®. For a cesiated metal surface vith 50%
adsorbed B the values are 01=101® /sec, and 1/4=.62 Bohr radii.

Bq. (1) suggests a simple physical picture, in vhich 0 is determined by
surface electron density and 4 is determined by the exponential decay of the wvave
functions vith distance from the surface. The analogy for metals is straightforvard,
for example, electron in a square vell gives a reasonable result. The case for
semiconductors 1is not as simple, but, since surface electrons dominate, the filled
surface states near the FPermi level are probably important.

The potential energy of the negative ion (or the electron affinity level) is
determined by the image charge and is given by;

U(z) = - A - o 1 )
Tneg Wzv h)

vhere the screening distance, bs=3.2 Bohr radii, and the isolated H atom affinity
level, A is 0.75 eV. This is valid for z not too close to the surface. Figure 1
shovs the potential given by (2) as a function of distance from the surface, as vell
as the vork function, V.

Note that there is a crossing distance, Zc, vhere the potential energy is
equal to the vork function, V. Vhen the atom is inside Zc the affinity level is
belov the Fermi level, alloving electron transfer from filled surface states to the
atom, and vhen the atom is outside 2c, transfer takes place from the occupied
affinity level to empty surface states.

The energy diagram given in Fig 1 also shovs the binding energy of an B™ ion
to the surface. The potential energy for an ion depends on vhere it is ionized; ions
formed close to the surface are deeper in the potential vell than those formed
farther avay. Lov energy atoms have kinetic energy comparable to the potential
energy wvell depth, thus atoms that are ionized too near the surface do not have
enough energy to escape and are trapped.
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A rate cquatioh determines the jonized fraction, given by;

g ewe) T (B(z-2c)-P) | (3)

vhere P is the probability that the atom is a negative ion, w(z) is the transition
rate given by (1), 8(z) is the charge state of a fixed atom at position z, and
v = 10 15 gec is the time normalization. Here the Heavyside step function is a good
approximation to 6. In order to solve (3), a relation betveen z and t is needed.
In previous vorke eq. (3) vas solved using z = vt, vhere v is a constant,vhich is a
reasonabl; assumption vhen the atom kinetic energy is much larger than the potential
vell depth.
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In order to obtain results applicable to lov energy atoms, energy
conservation must be applied to the ion motion. The position of ionization is the
result of a statistical process, so that the folloving Monte Carlo technique vas
used. An atom of speed u is placed near the surface, and i{s moved avay in constant
steps, dz. At each step R is assigned from a uniform random number generator in the
interval (0,1), and if R < w(z) dz/u then ionization took place. Once ionized, it
is assumed that the atom cannot be neutralized inside Zc since there are no vacént
states in the solid. The ion is then moved to Zc and the kinetic energy is reduced
by the chanre in potential energy. If the resulting kinetic energy is negative the
ion is counted as trapped. Atoms that reach Zc vithout being ionized are counted as
escaping atoms.

Ions that reach Zc untrapped are moved in steps of dz, but in this region
neutralization occurs if R < w(z) ds/u. Those that are neutralized are counted as
escaping atoms. Slov enough ions can be trapped outside Zc, and these are added to
the trapped count. Pinally, ions that survive at a large distance are counted as
collected ions.

- Pigure 2 shovs the ion fraction vs. initial atom energy for several values
of C=fir vhen V = 1.5 eV. In addition, the dotted curve shovs the ion fraction with
C = 0.6 vhen the atom velocity is held constant. This clearly shovs that constant
velocity approximation is good above a fev eV. The velocity variation dominates
belov about one eV, vhere the ion fraction falls to sero. There are no escaping ions
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vhen the 1initial kinetic energy is less than 0.75 eV, since for this vork function
the minimum potential energy at the crossing point is 0.75 ev.

10 | 10
b
] | -y
10 10 |
1 b
o8 -8
10 10
"R ¢ R Mestuln
35 02 o <o
9 63 - &
"9 8 = O
8 L. NN TR . 2] 5 Iy
‘. Il A Few '. A
.1 1 10 100 1 e 3 'y [ ¢
Energy(eV) 1%(eV)
Figure 3. lee Practien ve. Incident Energy for ¥ = 1.0 oV Pigure 4. Ien sad Neutral Fracticas for & Thermal

distriducion of fncident atems.

Figure 3 shovs the ion fraction vs. initial atom energy for several values
of C vhen V = 1.0 eV. In this case all ions are trapped for energies below 0.25 eV.
The ion fraction at several tenths of an eV has significantly increased. The value
of C also influences the ion fraction; belov 1 eV ions increase vith decreasing C,
and above 1 eV the reverse is true. This is because ions can escape most readily
vhen formed near 2¢, and reducing the transition rate allovs ionization to take
place at larger z. Hovever, lover transition rates decrease the ptobability of
ionization, thus the ion fraction is smaller at higher energy.

Figure 4 shovs the ion fraction and neutral fraction of a thermal
distribution of ions vs. inverse temperature for work functions of 1.0 eV and -
1.5 eV. These vere obtained by repeating the Monte Carlo calculations, using a
Gaussian random number generator to select initial velocitieqs. Since the sum of
ionized, neutral, and trapped fractions is unity, it is clear that the trapped
fraction is large. The dependence of the ion fraction on temperature and vork
function is in good qualitative agreement vith the experimental results. .

Based on this model ve can describe the ideal surface for ionization of lov
energy H atoms. The vork function should be lov, less than 1.5 eV, so that it is
possible to create ions that are veakly bound to the surface. The surface electron
density (just belov the Permi 1level) should be smaller than typical metallic
densities, so that the tunnelling does not occur close to the surface, but near Zc.
Finally, the electron vave function tails should decay slovly to increase tunnelling
probability far from the surface.

3. CONVERTER MATERIALS

- The desired properties of the converter surface as derived from the
tunneling model must be supplemented by additional requirements vhich depend mainly
on the energy of the H and Cs ions (or atoms) bombarding the converter. Vhen the
bombarding energy is higher than 100 eV, sputtering, backscattering and implantation
becomq important. This restricts the converter material to a fev refractory metals
such as Mo and V. Hovever, only Mo is acceptable vhen the additional requirement of
e lov vork function at 100 eV bombarding energy is included.
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The vork function of many pollycrystalline metal surfaces can be reduced to a
minisum value of 1.6 eV by an adsorbed layer of Cs atoms vith a submonolayer
coverage. In a typical surface conversion source Cs coverage is provided entirely by
ion bombardment. Due to the combined effect of implantation and sputtering a steady
state coverage develops that primarily depends on the atomic mass of the converter
atoms and on the bombarding energy. Minimum vork function of 1.6 eV is obtained at
45 eV for V and at 100 eV for Mo3s, :

Vhen the bombarding energy is lover than 10 eV, sputtering and implantation
are negligible, and the above mentioned restrictions on the converter material do
not apply. Converter surfaces with lover vork function and optimized electron
density can be sought. Ve have undertaken a systematic search for such a converter.
The large body of knovledge accumulated over decades of research on
photoemitters2s’2e and thermionic cathodes2” has provided s good starting point
although, apart from the common requirement of a lov vork function, each field has
its own specific problems: photoelectrons must have a high escape probability,
thermionic cathodes must be stable at high temperatures, and hydrogen converters
msust survive in a hydrogen atmosphere.

Vork functions considerably lover than 1.6 eV can be obtained with several
adsorbates on a variety of substrates. Submonolayer coverage of Cs on single crystal
¥(110) and Si(100) results in a wvork function of 1.45 eV and on GaP in 1.3 eV.
Deposition of a Cs/0 dipole layer on many metallic and semiconductor single crystal
surfaces produces a vork function of 0.9 eV. Possible substitutes for Cs are: Rb,
K, Ba, Sr, and substitutes for O are: F, Cl, S. Thicker films ( 500 Angstroms) of Cs
oxide have a vork function of 1.1 eV independent of the substrateas’se,
They are n-type semiconductors consisting L R I S S S . B R E— B
of a aixture of Cs suboxides, that has

not been characterized. Another example Crows Ouo

of an n-type semiconductor of great 4 o-qa 1
engineering  importance is the Ba/Sr/0 i > P
cathode coating vhich has a vork function g Ssen

of 1.3 eV at 700°K. More vork is needed
for finding the material combination_that
vould give a converter vith high 8 ion
yield and stable operation. Ve have
decided to explore the Cs-0 system first.

[ )

Recently wve have studied ' _ © 0 e *
€lectronic surface changes due to
adsorption of Cs, 0 and H on S1(100) P P Y N S S W W S |
surfaceso. In Pig. 5, the solid squares ¢ 4 o » . »
shov the work function (measured by 000K (x10™) /om®
electron reflection) as function of Cs Pigere S. Werk Peaetisn of $1(100) as & Pemetion
dose. The minimum occurs at 1.45 eV for of Costun dose (sqmeres) and with Guypen added (ctreles)

a coverage of 0.5 monolayer (determined from the ratio of Cs/Si Auger peaks). In
this case the sample vas n-type doped, hovever, the same ainimum is obtained for a
pP-type sample because of Fermi level pinning by surface statess:. The solid circles
in fig.5 shov vork functions obtained after first dosing the surface vith Cs, then
vith 0, until the minimum vas reached. The lovest vork function of 0.9 eV is reached

for 1 monolayer of Cs and 2.5 Langmuir of 0, in excellent agreement vith

litcutstm-“. It is vorth noting that the optimized Cs/0/Si surface can be heated
to 230°C wvithout significant increase in the minimum vork function®s. This surface
has not yet been tested in B atom backscattering experiments. Ve have, hovever,
tested thick Cs-0 films as described in the next chapter.
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4. BACKSCATTERING OF HYDROGEN ATOMS

The experimental set-up is shown in Pig.6. B atogs are produced by thermal
dissociation of H, gas in a V tube oven heated to 2500 K. The B and residual B,
effuse from a 0.7 mm diameter hole in the oven onto the convertcr. The atoas have a
Maxvellian energy distribution vith a temperature equal to the oven temperature.
Assuming thermal equilibrium, the atomic flux incident on the converter can be
calculated as function 8£ oven temperature and pressurea:. Typically the flux is
10:5 atoms/ca2 s (for 2500° K and 10-8 torr chasber pressure).

The converter is a Ni or ¥ ribbon 6 x 0.05 mm in cross section vhich can be
ohmically heated. Its surface is coated vith a thick film presumed to be a mixture
of Cs suboxides which is produced by decomposition of Cs,C0,. Originally the film
vas deposited by evaporation using the method described by Briere and Sommeras. By
controlling the evaporation rate and the ribbon temperature a steady state vork
function of 1.2 eV (measured from the photoemission threshold) could be obtained. A
simpler method, analogous to the conventional vay of making Ba0 thermionic cathodes,
vas used in the backscattering experiments. Cs,CO, povder suspended in a solution of
organic binder wvas brush-painted on the Ni r’bbon.The coating vas about 0.05 sa
thick. After oevacuation of the chamber to lesg than 5 x 10-® torr, the ribbon vas
heated to 400°C to remove the binder and to 600°C to decompose the cesium carbonate
into oxides. At this stage the vork function vas about 2.1 eV.

10

€2 4.4 4.6 4.8 5.0 5.2 5.4 6.6 5.8 6.0
eV

Figure 6. Cxperioants) St-wp

Figure 7. rmmm-mmnmu,mu

FPurther reduction of the vork function vas achieved by exposing the sntface
to a flux of atomic hydrogen keeping the ribbon temperature belov 400 C. The
activation vas monitored by backscattered B~ ions and by photoelectron and
thermionic electron emission. After about 30 minutes of activation vith a flux of
10:s H atoms/ca2 s the vhite light photocurrent incressed 100 times and the vork
function dropped to 1.45 eV, the lovest value achieved so far.

. Negatively charged particles produced on the converter surface are
accelerated to 100 eV by a voltage applied betwveen the converter and the tungsten
sesh placed about 2.5 mm from the converter. A small sample of the particles passes
r.hrwg an aperture into the diagnostic region. Vhen the Paraday cup is rotated out
of ¢ beam path, the rotating magnet 1is used to measure the mass and angular
distribution of the particles.
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rig. 7 shovs the current density of backscattered B~ ions at the exit
aperature as a function of inverse oven temperature and H, gas pressure in the
chamber. The dependence of the current density on inverse temperature should be
compared vith the theoretical curves shovn in Pig. 4. The extracted current consists
of electrons and H ions (in 2:1 ratio) and of a small impurity (less than 1X) of O
and 08" ions. The B yield is about the same (2X for 0.2 eV oven temperature) as for
cesiated Si(100) as reported previously2s.The backscattered B ions have a
Maxvellian energy distribution with a temperature equal to the oven temperature,
indicating elastic collisions of the fast hydrogen atoms vith the converter surface.

The thick . "cesium oxide™ film is easy to make. Bxposure to atomic hydrogen
(up to a flux of 5x10:5 atoms/cm3 g) not only does not erode the film, but it
activates 1it. Remarkable reproducibility of the results in day-to-day operation has
been observed. The film has not shovn any deterioration after more than 50 hours of
operation. The activation process is not understood; more vork is needed to reduce
the wvork function to 1.1 eV, typicel for a vell activated thick Cs-0 film=2e’2e,
Exposure to larger ’fluxes of hydrogen atoms or ions should be investigated.

5. CONCLUSIONS

H™ ions can be produced vith reasonable efficiency by backscattering low
energy (order of 1 eV) H atoms or ions from lov vork function (less than 1.5 eV)
surfaces. This has been demonstrated experimentally by backscattering the Maxvellian
tail of thermally produced H atoms from a thick film of Cs oxide. The general nature
of the electron transfer process has been described by a simple theoretical model.

Lov incident energy guarantees lov energy spread of the H™ ions. It also
makes it possible to consider a variety of compounds for reducing the vork function
of the converter- surface. Oxides of alkali and alkali earth metals appear to be most
promising for this purpose. They have a lov vork function and a considerably lover
vapor pressure than the corresponding metals. More vork is needed to assess the
erosion rate of the oxides by atomic hydrogen.

Apparently, surface production of H ions by the process described sbove vas
recently observed in LBL experimentsss. Considerable increase;in H ion current
density extracted from a bucket volume source vas observed viien the source vas
operated vith Cs vapor. This increase has been attributed to surface production on
the cesiated valls of the sourcess. It is likely that this mechanism is effective in
other B~ ion sources operating vith Cs vapor, such as the Dudnikov type Penning
source®s, in vhich surface production near the extraction aperture may contribute to
the extracted § ion curreat.

This vork has been supported by the Air Porce Office of Scientific Research.
6. REFERENCES

1. J.R. Hiskes, J. Phys. (Paris) 40, 179 (1979) .

2. B.GC. Overbosch, B. Rasser, A.D. Tenner and J. Los, Surf. Sci. 92, 310 (1980).
3. R. Brako and D.N. Newns, Surf. Sci. 108, 253 (1981).

4. 5. Rasser, J.N.M. ven Wunnik and J. Los, Surf. Sci. 118, 697 (1982).

S. "N.D. Lang, Phys. Rev. B27, 2019, (1983).

6. J.P. Gauyacq, J.J.C. Geerlings, Surf. Sci. 182, 245 (1987).

7. HN. Seidl and A. Pargellis, Phys. Rev. B 26, 1 (1982).

8. J.L. Lopes, J.A. Greer and M. Seidl, J. Appl. Phys. 60, 17 (1986).

SPIE Vol 1081 M“MMM“MEWMIIM/ 583

PROIPELY 52~ STy RV SN




10. K.N. l.‘\lll‘, K.¥. Blll.tl. J. Applo 'h’.o 52, 3905 (1”2)0

11. K.N. Leung, K.¥. Bhlers, Rev. Sci. Instrum. 53, 803 (1982).

12. V. Bckstein, H. Verbeek, R.S.Bhattacharya, Surf. Sei. 99, 356 (1980).

13. J.R. !llm, p.J. SChncidct, Ph"u Rev. .23. 9‘9' (1”1)-

14. J.N.N. van Wunnik, J.J.C. Geerlings and J. Los, Surf. Sci. 131, 1.(1983).

R 15. .{;ll.llasg;n Vunnik, J.J.C. Geerlings, E.H.A. Granneman and J.Los, Surf. Sci. 131,
Q .

16. P.J.N. van Bomsel, J.J.C. Geerlings, J.N.M. van Vunnik, P. Massmann, E.H.A.
Granneman and J.Los, J. Appl. Phys. 54, 5676 (1983).

17. P.J. Schneider, K.H. Berkner, V.G. Graham, R.V. Pyle, and J.V. Stearns, Phys.
Rev. B23, 941 (1981). .

18. P.V. van Amersfoort, J.J.C. Geerlings, L.F. Tz. Kvakman, A. Hershcovitch, E.H.A.

] ] Granneman, and J. jLos, J. Appl. Phys. 58, 3566 (1985).

19. P.¥V. van Amersfoort, J.J.C. Geerlings, R. Rodink, E.H.A. Granneman, and J. Los,
J. Appl. Phys. 59, 241 (1986).

20. J.J.C. Geerlings, P.V. van Amersfoort, L.F.Tz. Kvakman, B.H.A Granneman, J. Los
and J.P. Gauyacq, Surf. Sci. 157, 151 (1985).

21, V.G. Graham, Phys. Lett. 73A, 186 (1979).

22, A. Pargellis and M. Seidl, Phys. Rev. B2S, 4356 (1982).

23. M. Seidl, V.B. Carr, J.L. Lopes, and S.T. Melnychuk, Proceedings of the Third
Buropean Vorkshop on: Production and Application of Light Negative Ions, edited
by H. Hopman and V. van Amersfoort (POM-Institute for Atomic and Molecular
Physics, Amsterdam-The Netherlands) p. 157 (1988). :

24. G.S. TOIPC, V.E. Carr and M. Seidl, Surf. Sci. 1”, 432 (19“).

’ 25. A.B. Sommer, Photoemissive Materials, John Viley, New York, 1968.

26. R.U. MartinelIl and D.G. Fisher, Proc. of IEEB, 62, 1339 (1974).

27. g;nﬂertunn and S. Vagener, The Oxide-Coated Cathode. Chapman & Hall, London,

28, T.R. Briere and A.H. Sommer, J. Appl. Phys. 48, 3547 (1977).

29. B. Voratschek, V. Sesselmann, J. KUppers, G. Ertl and H. Haberland, J. Chesm.
Phys. 86, 2411 (1987).

A
i , 9. C.F.A. van 0s, P.V. van Amersfoort and J. Los, J. Appl. Phys. 64, 3863 (1988).
3

L 30. A.B. Sousis, M. Seidl, V.E. Carr, H. Buang, J. Vac. Sci. and Technol., to be
published.

J 31. . J. Allen and G. V. Gobeli, Phys. Rev. 127, 152 (1962).

i 32. J.B. Ortega, E.M. Oellig, J. Ferron, R. Miranda, Phys. Rev. B36, p. 6213 (1987).
' 4 33. b. Bdvards and V. T. P‘ri" Applo Surf. Sci. l' 419 (197.).

: 34. S.R. Valther, K.N. Leung and V.B. Kunkel, J. Appl. Phys. 64, 2424 (1988).

I | 35. K.N. Leung, L3L, Private Communication.
. 36. B.V. Saith, Jr., P. Allison, and J.D. Sherman, IEER Trans. Mucl. Sci. 32, 1797
f (1985).
'l
1
!

{
X

L ¢

654 /7 SPIE Vol. 1061 Microwsve end Particle Beam Sources and Directed Energy Concepts (1989)

I L L




submitted to The Journal of Applied Physics

A NEW SOLID STATE CESIUM ION SOURCE
S§.I. Kim and M. Seidl, Physics/Engineering Physics Department,
Stevens Institute of Technology, Hoboken, NJ 07030
ABSTRACT

A novel Cs*' ion source combining the advantages of porous
metal ionizers with those of zeolite emitters has been developed.
Cesium ions are chemically stored in a cesium-mordenite solid
electrolyte (Cs-M SE) pellet whose emitting surface is coated
with a porous tungsten thin film. Cesium supply to the emitting
surface is controlled by a voltage applied across the solid
electrolyte pellet. Cs+ ion emission takes place on the surface
of the porous tungsten electrode by surface ionization. The
ionic conductivity of Cs* ion in the Cs-M SE is of the order of
10-3 [Q-cm)-t at 1000°C. The interface properties between
electrolyte and electrodes play a major role in the cesium ion
source. The cathode electrode interface (emitting electrode)
determines the stability of the supply current density to the
emitting surface. The life time of the source is found to depend
on the anode interface. In a steady state operation, ion
emission current density of the order of 20 mA/cm? has been
extracted for 30 hours at a total ion emission current of 100 uA
at 1100°C. The 1life time of the source corresponds to 10

coulombs of cesium charge.
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I. INTRODUCTION

Cesium ions are widely used in Secondary Ion Mass
Spectroscopy (SIMS) [1], in the production of negative hydrogen
ions by surface conversion [2], and in sources of cold electrons
[3], etc. There are two basic types of Cs*t ion sources presently
available: porous metal ionizer [4,5], shown in Fig.1l,(a) and

zeolite emitter [6], Fig.1l, (b).

Recently a novel solid source of Cs* ions has been developed
in this 1laboratory.([7,8] It combines the advantages of porous
metal ionizers with those of zeolite emitters. A schematic
diagram of the cesium ion source is shown on Fig.l1l,(c). Cesium
ions are chemically stored in a c¢ylindrical pellet of cesium
mordenite solid electrolyte (Cs-M SE). The pellet is operated at
a temperature of about 1000°C. At this temperature, Cs-M 1is a
good ionic conductor for Cs* ions. A porous tungsten thin f£film
(about 1lym in thickness) is sputter deposited on one circular
face of the pellet while the anode is provided with a thick
platinum coating. Cesium ions are driven to the porous electrode
by the biasing current across the electrolyte which is controlled
by the biasing voltage, Uo. The cesium atoms diffuse through the
porous tungsten electrode to its surface where they are emitted
as ions or neutrals depending on the work function of the
surface. The emitted ions are accelerated by the voltage, Us,
applied between the emission surface and the accelerator

electrode. In this way, we could achieve a high performance
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solid state cesium ion source which has the current density of a
porous metal ionizer and the simplicity of a zeolite emitter. 1In
this paper we present experimental studies of the Cs-M SE and
porous tungsten electrode system. Theory has been published

elsewhere [9].

In the first part of this paper, material aspects of the Cs-
M SE such as: structural and chemical properties and preparation
of the pellet and of the electrodes will be discussed. 1In the
second part, the effects of the interface properties on the ion
transport from the electrolyte to the emitter surface will be
presented. Finally, measurements of c¢esium ion and neutral

emission will be discussed.




II. CESIUM-MORDENITE SOLID ELECTROLYTE (Cs-M SE)

2.1 Cesium-Mordenite (Cs—-M)

Cs-M is a synthetic zeolite of formula Cs20:A1203°105i02
(unit cell formula in 4-Cs-[(Al0z2)-(Si0Oz)s]) which has an
aluminosilicate matrix with an interchangeable cation. The
structure of Cs-M consists of a single layer frame work
containing 5-membered rings of the Al and Si tetrahedra. It has
a two dimensional channel system with pore size about 6 2 in

diameter. This is known as the large-port mordenite [10].

Ion Exchange: The Cs-M powder is formed from Na-M powder
[8-Na-:{(AlOz)-(SiOz2)s}] (large-port Na-M, Union Carbide Inc.) by
the ion exchange method{11l]. The sodium cation is exchanged for
cesium in a CsCl acid solution. Ion exchange is done by the
following method: 31 gram of Na-M powder in a 2 M CsCl solution
is heated at about 80°C with magnetic stirring for several days.
The solution is filtered through a vacuum frit (5 um) and the

residual powder is dried in a hot vacuum oven.

Phase Transformation: The ion exchanged Cs-M is 1in an
unstable phase both chemically and structurally. Chemical
analysis [Table 1) shows that the ion exchanged Cs-M contains
more cesium than the stoichiometrical value as well as residual
sodium. X-ray powder diffraction of the ion exchanged powder
shows that it still has a Na-M structure. It has been found that

the structural change to Cs-M occurs after firing the powder
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above 1050°C. After transformation, Cs-M has become also stable

in chemical composition. [Table 1]

By the DTA (Differential Thermal Analysis), two exothermic
reactions are observed at 1050°C and 1420°C. The former one is
due to the phase transformation (Na-M structure to Cs-M
structure) and the latter is due to glass transformation
(melting). A volume shrinkage of 59% is observed at 1050°C. 17%
is due to the structure change and the rest of the volume
shrinkage is due to the sintering effect. A good DTA thermogram
could not be obtained since bad thermal insulation resulted from

such a big volume shrinkage.

Pellet Preparation: The ion-exchanged Cs-M powder is fired
at 1050°C. The recrystallized Cs-M is crushed and ground in a
high purity =zirconia ball mill. The particle size of the Cs-M
powder is controlled by the grinding time in the ball mill.
After grinding, the powder is dried in a hot vacuum oven and it
is press formed in a hardened steel cylindrical plunger (0.95 cm
in diameter) at a pressure of about 200 atm. The cylindrical
pellet is sintered at 1350°C for 3 hours. The final density of
the pellet depends on the particle size and also on the sintering
time and temperature. At a sintering temperature and time given
above, the densities of the sintered pellets vary in the range of
2.00 to 2.6 g/cm?® for pre-sintered particle sizes from 3um to

luym. Theoretical density of the Cs-M is 2.83 g/cm?.
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2.2 Electrode Preparation

The emitting cathode 1is made by sputter deposition of
tungsten. A triode magnetron sputter source (L.M. Simard Inc.,)
has been used. To obtain a porous thin film, high pressure
(about 30 mtorr.) of argon gas has been used. The deposition
rate of the thin film 4is about 2 ﬁ/sec. at a target current
density of 0.5 Amps/cm2, and a target voltage of 500 Voc. The
thin film has a submicron size of pores and pore density of the
order of 3-10%® /cm2. SEM pictures of the porous tungsten thin

film electrode are shown in Fig.2.

The anode electrode is prepared by applying platinum paste
(Engelhard Co,). Thick platinum paste is painted and it is cured

at 800°C for 2 hours.

2.3 1Ionic Conductivity

In Cs-M SE, Cs* is the only mobile charge moving through the
negatively charged matrix skeleton by the hopping mechanism [12].
Fig.3 shows the temperature dependence of the cesium ion
conduction. The ionic conductivity, g, has an Arrhenius type
dependence on the temperature; g=go *exp-[AG°/kT]). The activation
energy of the ionic conduction, AG°, is found to be 0.71 eV/ion.
The effect of the current on the conductivity is negligible in
the current density range up to 1 mA/cm?. A slight decrease of

conductivity has been seen in the high current range (>1 mA/cm?®).
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III. ION TRANSPORT ACROSS THE INTERFACE

3.1 1Interface Process

A comprehensive theory of the metal-SE interface has been
presented in the previous paper[13]. Distribution of the space
charge and the potential across the interface are shown in Fig.4,
{(a) and (b). The electrified interface (i.e. double layer)
consists of the inner 1layer and the diffusion layer. Those

layers are equivalent to a series connection of two capacitors.

Current Interruption Method: In order to explore the
interface properties, the current interruption method[1l4] is
employed, using the circuit diagram given in Fig.5. The cathode
and the reference electrode are electrically separated by a
groove in the porous tungsten thin f£film. The pellet is heated
with the tungsten filament, placed inside the cylindrical cavity
in the pellet. A constant current source has been used. The
interruption of the current is controlled by a mercury relay with
a response time of 1less than 10-7 sec. The potential of the
cathode with respect to the reference electrode is measured by an
electrometer and the output signal from the electrometer is

plotted with a high speed strip chart recorder.

The current interruption method is a technique of constant
current interruption chronopotentiometry. A constant current is

applied between the anode and the cathode. [Fig.6,(a)] Since the
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reference electrode is not affected by the biasing current, the
dependence of the electrochemical properties such as; current-
overpotential characteristics and the capacitances of the double
layer, could be obtained by measuring the potential difference
between the reference electrode and the cathode electrode. The
schematic diagram of potential transient by current interruption
is shown in Fig.6 (b). The abrupt drop of the potential is the
potential drop across the bulk of the electrolyte (i.e. ohmic).
The transient of the potential is the interface potential (i.e.
electrochemical overpotential). Two different time constants of
the interface potential decay have been observed. It is believed
that this is the effect of the double layer (i.e. inner layer and

diffusion layer) at the interface.

Electrode Reaction: There are charge transfer reactions on

both of the electrodes:

{anode) Cs~M = Cg* + M- = Ca*t + M + e (1,a)

(cathode) Cs* + @& = Cs° {(1,b)

where M is matrix anion, [(AlO2)-(SiO:2)s). Electric field is
applied between the anode and cathode electrodes. Cathode
electrode is the emitting electrode in cesium source arrangement
as shown in Fig.1,(¢). On the anode, the matrix anions (M-) are
deionized and the electrons are transferred to the anode metal

electrode as indicated in eq.(1,a). Cs* ions are driven to the
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cathode and neutralized on the cathode as in eq.(1,b). The
neutralized cesium atoms diffuse through the porous tungsten
cathode to its surface where they evaporate as either ions or

atoms.

3.2 Cathode Interface
At the cathode interface, cesium ions are accumulated and a

double 1layer is formed. The measured current-overpotential

characteristics for the cathode are presented in Fig.7. In order .
r to compare the results with the theoretical curve, obtained in
the previous paper(15], the measured current density 1is
normalized to the exchange current, obtained numerically in the
previous paper. The exchange current is only a function of
temperature. A good agreement between theoretical curves and
experimental results has been found. The 1limiting current
density across the interface is about the same as the exchange
current. A typical limiting current density of the order of 1

mA/cm? has been observed at 1000°C.

The capacitances of the double layer depend on temperature
and current density. The absolute value of the capacitances of
the double layer could not be measured by the current
ﬂ interruption method, however, the difference'of the capacitances

between the steady state (J#0) and the equilibrium state (J=0),
( could be obtained. The typical capacitances and time constants

(at 1000°C, J=50puA/cm2) are found to be of the order of milli




farad and minutes for the diffusion layer and of the order of a

few tens of micro farad, and seconds for the inner layer.

3.3 Cesium Diffusion through the Porous Tungsten electrode

The dc steady emission current depends on the steady supply
of cesium onto the surface of the emitting electrode. As seen on
the schematic diagram of the ion source[Fig.1,(c)], the supply of
cesium is provided by the biasing current in the electrolyte and
cesium diffusion through the porous tungsten electrode. The
biasing current can be controlled externally by the biasing
voltage, however, the cesium diffusion through the porous
tungsten electrode depends only on the concentration gradient
which can not be controlled externally. According to the
theoretical results of the previous paper, high coverage(about
0.4 at 1000°C) is found on the tungsten surface at the interface
which is the inner 1layer in Fig.3,(a). The high coverage of
cesium on the interface automatically enhance the cesium
diffusion through porous tungsten electrode. Theoretical study
of cesium diffusion through porous tungsten was done by A.T.
Forrester[16]). By substituting the variables of our system such
as porosity, pore size, and the thickness of the tungsten
electrode and also the boundary value of the cesium concentration
to his equation, a cesium flux density corresponding to 50 mA/cm?
is obtained at 1000°C. Thus cesium diffusion through the porous
tungsten electrode is not the limiting factor for the supply of

cesium on to the emitting surface.

10
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3.4 Anode Interface

On the anode, the matrix anions (M-) are deionized and the
electrons are transferred to the anode metal electrode as seen in
eq.(1,b). Since the matrix anions are fixed and no electron
conduction occurs in Cs~M SE, there 1is a large electric field
needed to pull the electrons to the anode after one interface
layer of anions is depleted. Fig.8 shows the voltage needed to
draw a constant current measured as function of the amount of
charge passed per unit area of anode surface. The sharp increase
of the voltage after a critical amount of charge, Qo . could be
explained by the depletion of electrons at the interface layer of
matrix anions. The critical amount of charge, Qo, depends on the

effective area of the interface, according to equation;

Qo = O*ledert. (2)

where o0 is the charge density, 1 the average interatomic distance
between anions which is about 7 X, and the effective area is
Aetr.=k-Ao (where k is a constant and A, is a geometrical area).
The constant k depends on the porosity, which in turn depends on
the particle size, do. The pore volume is proportional to do%/9%,
thus the incremental factor of the effect’ve area, k, is linearly
proportional to dc4/% (i.e. k=x+d.4/%). The value of a(=5,0-107
[cm]%/4) has been empirically obtained for the luym particle size
pellet. The values of Q. for 2 and 3 um particle size calculated

by using eq.(2), are shown on Table.2. The calculated values

11




reasonably agree with the experimental results in Fig.8.

After depletion, the current depends exponentially on the
applied potential which could be explained by the electron
tunneling current through the depleted layer[17]. Thus the life

time of the cesium source is 1limited by the anode depletion.

Life time of the order of 10 coulombs of cesium charge can be

easily obtained by using about 5 cm® anode coating area.
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IV. ION AND NEUTRAL EMISSION

4.1 Experimental Arrangement

The schematic diagram of the measurement of ion and neutral
emission is shown in Fig.9. The Cs-M pellet is heated to its
operating temperature(800 to 1200°C) by an alumina coated
tungsten filament. The planar diode type arrangement has been
used for ion extraction and the spacing between emitter and
extracting mesh (145x145 tungsten mesh) is 0.2 c¢m. A Faraday cup
is used to measure the ion current. In order to suppress
secondary electrons due to Cs* ion bombardment of the cup,
retarding field is applied in front of the cup. Thus the current
to the Faraday cup is solely due to the ion emission current.
Cesium neutrals are measured by a hot tungsten filament which is
heated to 1700°C. At this temperature, all the neutrals are
ionized so that the neutral flux is equal to the ion current

produced on the hot filament.

4.2 Surface Ionization

On the emitter surface, Cs* ion emission takes place by
surface ionization. The surface ionization process depends on
temperature and work function of the emitter surface according to

the Saha-Langmuir surface ionization equation;

In/J1 = wecexple(Vi-0)/kT] (3)
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where Jn and Ji1 are neutral and ion emission current densities
respectively, w:+ is the statistical weight ratio of atoms to
ions, Vi1 (=3.9 eV) is the ionization potential of cesium, and ¢ is
the work function of the metal electrode. From the slope of
1n(Ju/J1) as function of 1/kT in Fig.10, the effective work
function of the emitting tungsten surface is calculated and its

value is 4.2 eV.

4.3 Dependence of Cs* Ion Emission on Cesium Supply

In steady state operation, the ion emission current density
must be equal to the supply current density. Thus the Cs* ion
emission characteristics have to be studied in conjunction with
the supply of cesium on the emitter surface. In our Cs* ion
source arrangement the supply has two limitations which are the
limiting current density across the interface and the self-
consistent thermal leakage flux across the interface. In order
to see the dependence of ion emission on cesium supply, ion
emission current was measured as function of extraction voltage
with and without cesium supply by biasing current across the
electrolyte. The I-V characteristics of ion emission is shown in
Fig.11. In the 1low voltage range where space charge limited
operation should be in effect, emission current density follows

the Child-Langmiur law

J = keVe/8 /48 (4)

14
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where k=4.7x10-?* ([Volt, A, cm] for cesium, and d (=0.2 cm) is the
spacing between the extraction mesh and the emitter surface. In
the high voltage range, the emission current is limited by supply
of cesium to the emitter surface. The emission currents have
been extracted without biasing (i.e. open circuit between anode
and cathode of the Cs-M SE pellet). The cesium supply without
biasing could be explained by the thermal leakage flux across the
interface which is due to the self-consistent potential across
the interface. With additional supply of cesium by biasing
current, one can extend the space charge limited region in the

low temperature range.

The thermal leakage flux is also observed in neutral
emission. When there is no extraction field on the emitter
surface, cesium is vaporized from the surface as neutral étoms.
The flux is equal to the supply of cesium to the emitter surface
in steady state. Since there 1is no supply by external biasing
current across the electrolyte, the neutral flux is just due to
the thermal 1leakage flux. The dependence of the thermal leakage
flux on temperature is shown in Fig.12. The naximum space charge
limited ion emission flux without supply by biasing current,
shown in Fig.11., is drawn as dashed line in Fig.12. It is seen
that both fluxes are approximately the same. According to the
potential diagram of the interface, shown in Fig.4,(b), a
positive electric field directed toward the emitting electrode is

induced due to the interfacial potential difference, U;, between

15
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the tungsten electrode surface and Cs-M SE surface. The electric
field is extracting electrons from the Cs-M SE surface. The
electrons are then combined with the adsorbed cesium ions on the
inner layer. The neutralized cesium atoms diffuse out to the
vacuum interface of the emitting electrode. The flux of cesium
is the thermal leakage flux across the interface. Thus one can
interpret the results in Fig.12 as the -electron emission
characteristics on the Cs-M SE surface. The 1linear slope in

Fig.12 indicates that the extracting field (i.e. potential

difference across the interface, AUL) is independent of
temperature. The potential difference across the interface,
numerically obtained in the previous paper([19], is almost

constant in the temperature range of 800-1000°C.

There is one more evidence that the thermal leakage flux is
due to the electron emission from the Cs-M SE to the tungsten
electrode surface. By observing the neutral flux over long time,
the neutral flux is decaying slowly with time. In the long run,
the neutral flux goes to zero. The total amount of emitted
neutrals is about equal to one monolayer of the M- matrix anions.
This fact is not only proving the mechanism of the thermal
leakage flux but also provides a method for exact control of the
supply of cesium to the emitter surface. After depletion of the
electrons from the emitter interface, there is no supply of
cesium by the thermal leakage flux. Thus the supply of cesium to

the emitter surface is then exactly controlled by the external

16
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biasing current across the interface. Practically the electron
charge to be depleted is of the order of 2 coulombs/cm?. This
charge can be extracted in the reverse bias mode (i.e. positive
potential on the emitting electrode and negative potential on the
anode) in about 3 hours at total biasing current of 20 pA prior

to using the ion source.

The supply of cesium to the emitter surface is now
exclusively controlled by the biasing current across the
electrolyte. However, the biasing current is 1limited by the
maximum electrode reaction current density across the interface.
From both theoretical and experimental results, the limiting
current density across the interface is of the order of 1 mA/cm?
at 1000°C. 1In order to increase the emission current density to
more than 10 mA/cm?, we have modified the emitter configuration.
A thin diaphragm with an aperture of 0.08 cm in diameter is
covering the emitter surface. Thus all cesium supplied to the
emitting electrode is delivered to this emitting aperture by
surface diffusion. The ratio of the tungsten electrode area to
the area of emitting aperture is about 200. Thus the emission
current density is 200 times 1larger than the supply current
density. In this way, one can obtain a high emission current
density while minimizing the supply current density across the

electrolyte.

17
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4.4 High Cs* ion Emission Current Density

In order to have a steady state high emission current
density, the following extraction arrangement has been used; an
extraction electrode with a single aperture, 0.08 cm in diameter,
is aligned with the emitting aperture. The distance between the
two apertures 1is 0.05 cm. All the other experimental

arrangements are the same as in Fig.9.

Since our source is a surface ionization source, the maximum
ion emission current density depends on the critical temperature
of the emitter. The critical cesium ion emission current density
has been measured by R.G. Wilson (21,22] for several metal
surfaces. His results are shown in Fig.13 as solid lines. The
points show experimental results obtained with our source for
porous platinum and tungsten emitter coating. The slightly
smaller values compared to Wilson's data can be attributed to the
porous surface of the emitter. 1In dc steady state operation, up
to 20 mA/cm?2 current density at a temperature of 1100°C has been
extracted for 30 hours at a total current of 100 pyA. The total

amount of extracted cesium ions corresponds to 10 coulombs.

18
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V. SUMMARY

The new solid state Cs* source compares favorably with the
metal ionizer type source with respect to the ion emission
current density and 1life time. It has the simplicity in
construction and operation comparable to the zeolite type source.

Furthermore, it has the unique capability of exact control of

cesium supply to the emitting electrode.

t A solid state Cs* ion micro-probe (micron size beam and high
current density>10 mA/cm2) has been developed by using this
s source. Design and operation of the micro-probe will be

presented in a forthcoming paper.
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FIGURE & TABLE CAPTIONS

Figure 1. Schematic diagram of various types of Cs* source
(a) metal ionizer type source (b) zeolite type source

{(c) our source, combination of (a) and (b)

Figure 2. Morphology of the porous tungsten thin film

(a) top view (b) cross sectional view

Figure 3. Temperature dependence of the Cs* ion conductivity

Figure 4. Electrified interface between metal electrode and solid
electrolyte (a) space charge distribution in the interface

double layer (b) potential distribution

Figure 5. Schematic diagram of the conductivity and interface
potential measurements {cathode and reference electrodes are

drawn in large scale on the upper-left side)

Figure 6. The current interruption method (a) constant current
is applied, current interruption is made after the steady
state is reached, (b) potential transient of the cathode

with respect to the reference electrode.

Figure 7. Current-overpotential characteristics (lines are

obtained numerically from the previous paper)
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Figure 8. Critical charge of the anode depletion per an unit area

Figure 9. Schematic diagram of the measurement of cesium ion and

neutral emission

Figure 10. Temperature dependence of cesium 3ion and neutral

emission

Figure 11. I-V characteristics of Cs* ion emission (with and

without biasing current)
Figure 12. Cesium neutral flux and the maximum space charge
limited ion current density with a supply by the thermal

leakage flux

Figure 13. Critical Cs* ion current density (solid lines are from

R.G. Wilson, J. Appl. Phys., 42, 972, 1965)

Table 1. Chemical Analysis by EDX

Table 2. Calculation of Critical Charge for Anode Depletion
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SOLID STATE CESIUM ION GUNS FOR SURFACE STUDIES
A.E. Souzis, W.E. Carr, S.l. Kim and M. Seidl
Physics and Engineering Physics Department

Stevens Institute of Technology, Hoboken, New Jersey 07030
ABSTRACT

Three cesium ion guns covering the energy range of 5 to S000 V are described.
These guns use a novel source of cesium ions that combines the advantages of
porous metal ijonizers with those of aluminosilicate emitters. Cesium ions are
chemically stored in a solid electrolyte pellet and are thermionically emitted from a
porous thin film of tungsten at the surface. Cesium supply to the emitting surface
is controlled by applying a bias across the pellet. A total charge of 10.0 coulombs
can be extracted, corresponding to greater than 2000 hours of lifetime with an
extraction current of 1.0 uA. This source is compact, stable and easy to use, and
produces a beam with > 99.5% purity. It requires none of the differential pumping
or associated hardware necessary in designs using cesium vapor and porous tungsten
jonizers. It has been used in UHV experiments at pressures of < 107!° torr with no

significant gas load.

Three different types of extraction optics are used depending on the energy
range desired. For low energy deposition, a simple space lchurge limited planar diode
with a perveance of 1 X 1077 A/V*? ig uged. Current densities of 10.0 uA/cm? at
the exit sperture for energies < 20 V are typical. This type of source provides an

slternative to vapor deposition with the advantege of precise flux cslidration by
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integration of the ion current. For energies from 50 to 500 V and typical beam radii
of 0.5 to 0.2 mm, a high perveance Pierce type ion gun is used. This gun was
designed with a perveance of 1 X 107° A/V*? and produces & beam with an
effective temperature of 0.35 eV. For the energy range of 0.5 to 5 KeV, the Pierce
gun is used in conjunction with two einzel lenses, enabling a large range of imaging
ratios to be obtained. Beam radii of 60 to 300 um are typical for beam currents of
50 nA to 1.0 uA. Results are presented and discussed for UHV studies of ion
implantation, electronic surface changes induced by adsorbates and negative

secondary ion mass spectrometry (SIMS).
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1. INTRODUCTION

It is well known that the work function of a metal or semiconductor surface is
lowered when the surface is covered with a sub-monolayer deposit of cesium [1-5].
This effect has been used in cold cathode electron sources (6,7}, negative ion
sources [8], and for enhancing the secondary negative ion yield of atoms and
molecules [9,10]l. The presence of cesium greatly enhances the low temperature

oxidation and nitridation kinetics on semiconductor surfaces [11,12].

Cesium may be deposited on surfaces either by vapor deposition, or an ion
beam. Vapor deposition sources require shielding, differential pumping, and flux
calibration. With an ion source, the incident flux is determined by direct
measurement of the target current, and differential pumping may not be necessary.
On the other hand, space charge effects put a lower limit on the incident ion
energy. Cs' ion sources are typically of the surface ionization type, since the
ionization potential of cesium is smaller than the work function of most surfaces.

Surface ionization sources also have an inherently low beam temperature.

There are two basic types of Cs* surface ionization sources. One is & heated
porous tungsten plug which is fed from behind with cesium vapor from a hot liquid
metal oven {13,14]. It has a high current density, and low beam tempersture, with the
disadvantages of differential pumping and problematic réutine venting due to pore
clogging. A mecond type typically consists of a thin layer of aluminosilicate
deposited on a heated tungsten bese. Cesium ions are chemically stored in the

aluminosilicate, and sre emitted thermionically {15]. This arrangement is simpler, and
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no differential pumping is required, but other disadvantages exist. The emitting
surface is not unipotential, resulting in large energy spreads, and the amount of

cesium stored in the thin layer is small.

We have developed a cesium ion source which combines the advantages of
porous metal ionizers and aluminosilicate emitters [16]. Cesium ions are chemically
stored in a solid electrolyte pe.llet whose emitting surface is coated with a porous
thin film of tungsten. At an operating temperature of =~ 1000°C the solid
electrolyte is a good conductor of cesium ions. This makes it possible to control the
cesium supply to the emitting surface by a voltage applied across the pellet. Cesium
jon emission occurs on the surface of the porous tungsten cathode by surface
ionization. This source is clean, compact, efficient, and is compatible with any

vacuum system from 1075 to < 10™'° torr.

In this paper, we first describe the source in more detail. We then discuss
three types of extraction geometries using this source. For energies from 5 to 50
eV a space charge limited planar diode geometry is used. In the energy range of S0
to 500 eV, we use a Pierce type [17) extraction geometry. For the energy range of
0.5 to 5 keV, this Pierce gun is followed by a two lens optical column. Applications

of these guns are also discussed.
0. Cs* SOURCE

The basic element of this source is a cylindrical pellet (0.5 cm in diameter and

1 cm long), sintered from cesium mordenite (Cs-M) powder. The pellet and its

KRt S0 el 6 -
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emission characteristics are described in detail elsewhere (18], but the basics are as
follows. Cs-M is a solid electrolyte which has an aluminosilicate matrix with an
interchangeable cation. When heated, Cs' ions are conducted through its channel
structure. The structure has a two dimensional channel system and its pore size is

about 6 R in diameter. This is known as large-port mordenite [19].

The Cs-M powder [Cs,0A1,04(Si0;);,] is obtained from Na-M [Na,0A1,04(SiO,),,]
by ion exchange [20], and then heating to 1050 °C, resulting in a phase transformation
from Na-M to Cs-M structure. It is then crushed and ground to a particle size of =
1 um, pressed in a cylindrical die, and sintered at 1350 °C for 3 hours. The resulting

pellet can be machined with a small grinding wheel for use in special applications.

The pellet is heated by an alumina coated 0.25 mm tungsten filament coiled
around the pellet. In order to reduce the power losses, coaxial Ta shields are
mounted around the filament. The entire arrangement is placed inside a thin walled
stainless steel tube with the emitting electrode at one end, and a spring loaded
compression assembly at the other. Figure 1 shows this assembly as used with the
Pierce electrodes to be discussed later. Around 15 to 18 watts of power are required
to achieve an operating temperature of 1000 °C. At this temperature, the Cs-M is an

ionic conductor with a conductivity of a 10~° (ohm cm)™’.

The emitting surface of the pellet is sputter conéed with a thin porous
tungsten layer. This layer improves the energy spread of the beam by providing a
unipotential surface for emission, and provides a means to supply a flux of ions to

the emitting surface. By coating the back of the pellet with a thick layer of

-5-
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platinum, the flux of cesium ions can be controlled by a voltage placed across the
pellet. Cesium diffuses through the porous tungsten film to the emitting surface,
where it is surface ionized and extracted. A total charge of 10.0 Coulombs can be
extracted from the source. This corresponds to greater than 2000 hours of lifetime

at an extraction current of 1 uA.

This source has the same high emission current demsity properties as the
porous tungsten ionizers. In its present form, we have extracted up to 30 ma/cm? in
d-c steady state operation. However, it does not need to be differentially pumped,
and the thin tugnsten film can be vented repeatedly to atmosphere without any pore
clogging problems, which can occur with thicker porous plugs. In addition, the
cesium stored in the Cs-M is stable upon repeated exposure to atmosphere and can
be handled without any special precautions or dangers, unlike the liquid metal based

sources.

The time needed to degas the source is = 1 day at a pellet temperature
= 1100 °C. Once outgassed, there is no discernible gas load at a pressure of
< 107'° torr, and the source may be operated without changing the system
pressure. After the initial break-in period, the source is normally kept hot
(~= S00ZC), eliminating start up outgassing, and preventing adsorption of
contaminants on the gun assembly. It has been reported that zeolite sources are
gassy and easily contaminated by active gases [4], but v;e have not found this to be

a problem with our arrangement.

The beam produced by an esrly version of this source contsined <.40% Rb*,




<.05% K* and <.02% Nat. The relatively high percentage of Rb+ was due to Rb
impurity in the CsCl (99% pure) used in the ion exchange process. This form of
contamination has been seen before [21] and is greatly reduced by using higher

purity CsCl (99.9%).

Ill. EXTRACTION GEOMETRIES AND RESULTS

A. PLANAR DIODE

For deposition energies from 5 to 50 eV, a planar diode extraction geometry is
used. The source is assembled as shown in figure 1, with the substitution of planar
electrodes for the Pierce electrodes. The emitting end of the pellet is machined with
a small step, such that the emitting surface is flush with the exterior of the
electrode surface. The extraction electrode is spaced 0.75 mm from the pellet
surface, and has a tungsten mesh spot welded over the extraction aperture in order
to provide a uniform field. The theoretical perveance of this planar diode

82, Target currents > 1 uA at energies < 20 V are

arrangement is 1 X 107 A/V
typical. This gun has been used in studies of electronic surface changes induced in
gilicon by cesium deposition [22], where it is seen to be fully equivalent to a vapor
deposition source, with the advantage of precise calibration of the flux by
integration of the ion current, and other advantages described previously. Results
of this study include the attainment of s work function equal to 0.9 eV by Cs*

bombardment and oxygen co-adsorption and experimental support for an assymetric

dimer model for the sputter cleaned and annealed Si(100) target.
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B. PIERCE GUN

For energies from 50 to 500 V, a Pierce type [17,23] extraction system of our
own design is used, as shown in figure 1. It consists essentially of three conical
sections, two for the focus electrode and one for the extraction electrode. The
analytic solution for the field in a spherically convergent ion gun has been worked
out in detail [24). It gives a complete representation of the potential distribution at
the beam edge with the perveance, convergence angle and radius of curvature of the
cathode as parameters. The perveance (P) is defined from the Child-Langmuir

equation for space charge limited flow in a diode,
1 = pv¥? Eq. 1

and is determined for a given set-up only by geometric factors. The design values
were as follows: a perveance of 1.0 X 107° A/Vslz, a convergence angle of 11.8°, and

a cathode radius of 9.76 mm.

A computer program written in house is used to determine the potential
distribution at the beam boundary for a given electrode configuration. This
calculation is subject to the boundary condition that the gradient of the potential
at the beam edge be parallel to that edge, and to boundary conditions at the
electrode surfaces. The program uses a triangular grid, ;hich allows the density of
grid points to be adjusted to give greater accuracy in the regions of higher field.
This method gives good accuracy without requiring excessive computation time. The

angles of the slectrodes are varied until the error between the computed beam edge
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potentials and the analytic values is less than 1%. These computer calculations
indicate that a deviation in the angle of the electrode surface in contact with the

emitter of as little as 1°, results in an average error close to the emitter of 4.5%.

The emitting surface of the pellet is placed in electrical contact with the beam
forming electrode of the Pierce gun as shown in figure 1. The aperture in the
extraction electrode is covered with an 84% transmitting W mesh to remove
aberation and divergent lens effects [23]. The electrodes are assembled on a
mounting jig and are then secured and insulated by glass rods. The rods are
mounted by heating them until they are soft, and inserting the electrode supports
into them. The machining accuracy of the focus electrode is critical to obtain an
acceptable beam. We have seen experimentally that an electrode with a 7° error
results in a source that is drastically different and in complete disagreement with
the intended design. The electrodes used in this gun have an angular error of

< 0.5,

In figure 2, the I-V characteristics are shown for several temperatures. A
perveance of 1.2 X 10~° AV g experimentally determined from the slope of
these lines. The lowest temperature dats illustrates the effect of sample bias. For
zero bias, the current increases as Va’z. as it should for space charge limited
emission. However, at a 100 V the rate of increase begins to drop, indicating that
the current is becoming emission limited. With the proper bias voltage placed across

the pellet, the emission increases to its space charge limited value.

The theoretical value for the position of minimum beam radius, taking only
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space charge into account [23] is 10.9 mm from the cathode surface. The actual
focal point varies slightly, from 10.5 mm at 100 V to 11.5 mm at 500 V. The beam
radius at the focal point is measured by passing a Faraday cup with two slits a
known distance apart, across the beam. The beam radius is then determined by
measuring the peak half width at half maximum and callibrating using the known slit
distance. In figure 3 are plotted experimental data, showing the beam radius at the

focal point versus beam energy. The solid line represents the equation,

= Il
R=fl-5+A Eq. 2

where R is the beam radius at the focal point, f is the focal distance, T is the
effective beam temperature in eV, U is the beam energy and A is the spread due to
space charge. The only variable parameter in this equation is the effective beam
temperature. All the other values are known. This equation is arrived at by
assuming that the beam starts off with a Maxwellian distribution of initial
transverse velocities. The value for the spread due to space charge can be
calculated [23), and is foun! to be D = 0.086 mm. Using T as a fitting parameter we
obtain the curve shown in figure 3 for an effective beam temperature of 0.35 eV.
This is to be compared to the actual temperature of 0.11 eV. The fact that this
effective spread is greater than the true thermal spread can be attributed to
deviations from true Pierce geometry caused by a combination of design (< 1%), and

machining (< 0.5°) errors.

This gun has been used in studies of composite thin film production by ion

bombardment [25). Results show the relationship betwee steady state surface
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concentration of Cs, incident energy and substrate mass.
C. HIGH ENERGY GUN

For energies from 0.5 to 5§ keV, the Pierce gun described in the previous
section is mated to an optical column consisting of two einzel lenses of the three
tube type. This column is depicted schematically in figure 4. It consists of an initial
aperture which is mounted at the Pierce gun focal point. This aperture is then
imaged by a condenser lens to a point inside a drift tube, at the end of which is a
beam limiting aperture. The ions that pass this aperture are then focused to the
sample by an objective lens, and rastered by deflector plates mounted after the
lens. Basic optics yields the imaging ratio [26] (see figure 4):

fﬁ=‘,—’-§x2§=§§(§-‘—1r‘ Eq. 3
By changing the strength of the condenser lens, the focal point b,, inside the drift
tube is changed. If this focal point is close to the aperture at the end of the tube,
a large beam diameter and high beam current result. If the focal point is close to
the condenser lens, a small beam diameter with low beam current is obtained. By this

method, a wide range of imaging ratios is covered.

An approximate relation for the beam radius as a function of beam current is

derived (26},

2.3
R = %\J(‘%‘xmr2 + (—0'4——‘1‘—) Eq. 4
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where o is the convergence half angle and B8 is the beam brightness, defined as
(A cm™?%sr™!). Cg is the spherical aberation coefficient. Because of the intrinsically
low energy spread of the source, we can ignore chromatic aberations. If we know the
optical properties of the lens column, we can then determine the brightness. In
figure 5, experimentally determined values for beam radius versus beam current are
shown for a beam energy of 2.5 keV. The solid line is a plot of equation 3 using the
estimated values [27), a = 1.17x10~? rad, Cg = 100 cm, and using B as a fit
parameter. The brightness value for a best fit is found to be 8 = 1.0 A/cm’sr. We
are presently developing a microprobe ion gun using a version of this same source,

that will have an estimated brightness an order of magnitude larger.

This gun has been used for implantation studies, and for negative secondary
ion mass spectrometry (SIMS). Implantation studies were undertaken to provide
evidence for a simple model developed for formation of composite thin films by ion
bombardment [25). Calculated concentration profiles were found to match
qualitatively the experimental SIMS depth profiles. Negative SIMS studies indicate
that using cesium as a primary bombarding ion enhances the yield of atoms and

~2% yield

molecules with high electron affinity [9,10]. In figure 6, the ratio of the Si
due to Cs* ion bombardment to the yield due to xenon bombardment is shown as a
function of Cs* doseage. Xenon is used because its mass is essentially the same as
that of cesium, thus only the electrochemical differences will affect the results.
The data show a gradual increase as a function of dose, which is attributed to
formation of a thin layer of cesium, as described in a previous paper [25]. At steady

state, the yield levels off at a value 50 times greater than that due to xenon

bombardment.
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IV. SUMMARY

We have developed a solid state cesium ion source that can be used in a
variety of extraction geometries. It is clean, compact, and is compatible with a wide

range of system pressures.

Applications described in this paper are low energy bombardment as an
alternative to vapor deposition, studies of low and high energy bombardment and
implantation, and negative SIMS. Studies of low temperature oxidation and

nitridation promoted by cesium deposition are in progress.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTIONS

Cesium ion source assembly drawing, shown with the Pierce electrodes as

an example.

Current versus voltage characteristics for the Pierce gun at several
source temperatures. The 920 °C curve illustrates the effect of sample

bias.

Pierce gun beam radius at the focal point versus beam energy. The
squares are experimental data, and the curve represents eq. 2 in the

text for an effective beam temperature of 0.35 eV.

Schematic drawing of the high energy cesium ion gun, showing the two

lens arrangement used for acceleration and focusing.

Beam radius versus beam current for the high energy cesium ion gun at a
beam energy of 2.5 keV. The squares are experimental data, and the

line represents eq. 4 in the text.

Ratio of the SIMS yield of negative Si?® under cesium ion bombardment to

the yield under xenon bombardment, as a function of cesium ion dose.

Bombarding energies were both 4 keV.
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